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Abstract: Carbon-based materials is considered one of the oldest and extensively studied research
areas related to gas adsorption, energy storage and wastewater treatment for removing organic and
inorganic contaminants. Efficient adsorption on activated carbon relies heavily upon the surface
chemistry and textural features of the main framework. The activation techniques and the nature of
the precursor have strong impacts on surface functionalities. Consequently, the main emphasis for
scientists is to innovate or improve the activation methods in an optimal way by selecting suitable
precursors for desired adsorption. Various approaches, including acid treatment, base treatment
and impregnation methods, have been used to design activated carbons with chemically modified
surfaces. The present review article intends to deliver precise knowledge on efforts devoted by
researchers to surface modification of activated carbons. Chemical modification approaches used
to design modified activated carbons for gas adsorption, energy storage and water treatment are
discussed here.

Keywords: activated carbon; surface modification; energy storage; clean environment

1. Introduction

Activated carbon (AC) generally refers to carbonaceous materials fabricated from various
carbon-rich sources, such as wood, lignite, coal and coconut shells [1]. Activated carbons can
be produced from these materials by carbonization process. During carbonization, moisture and
volatile compounds are removed, leaving behind char. This char can be further activated via physical
or chemical activation methods to generate highly porous activated carbons. These carbonaceous
materials are widely studied as effective adsorbents owing to their porous structure, high surface
area, enriched surface chemistry with the highly reactive surface functionalities. By virtue of these
interesting features activated carbon is considered as a class of versatile materials with the practical
applications in the fields of adsorption, catalysis, energy storage and pollutant removal from gaseous
and liquid phases [2–5]. The performance of AC can be improved by tuning the textural features
along with the generation of a wide range of surface functional moieties. Heteroatom doping of AC
as surface functional groups is a common practice nowadays. These heteroatoms include oxygen,
hydrogen, sulfur and nitrogen. By considering the surface of adsorbent, the primary functional groups
which, when considered together, are essential for removal of organic and inorganic pollutants like
carboxyl, carbonyl, phenols, lactones and quinones. Tailoring the surface of activated carbons produces
the exceptionally high adsorption performance of these materials [6–8].

With the growing population and industrial revolution, pollutants have accumulated in air
and water. Researchers are left with the challenge of developing the most efficient adsorbents with
particular chemical characteristics in order to alleviate rising pollution. Nowadays, enormous research
effort is devoted to modification of activated carbons, specifically their surfaces and textural features
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in order to meet the demands for cleaner water and air [9–12]. Many approaches have been adopted in
the literature for effectively modifying surface of carbon-based materials by considering the surface
chemistry and reaction mechanism, permitting higher uptake of particular contaminants by these
adsorbents [13–19]. It is widely accepted that functional groups can bond directly to fused aromatic
rings in hydrocarbons. Therefore, one would expect that their chemical properties resemble those
of aromatic hydrocarbons. Consequently, similar chemical reactions that involve aromatic rings
and functional groups can be performed, thus adsorbents with the desired specifications can be
designed through thermal or chemical methods. For example, a group of researchers successfully
generated weakly acidic surface functionalities on activated carbons using oxidation reactions [20–24].
Such carbons were exploited as metal adsorbents with exceptionally high affinity for metals compared
to pristine carbon. Heteroatom doping and nitrogen-doping specifically, has also been well-explored
and such carbons have shown enhanced catalytic activity during oxidation [25–29]. Despite the fact
that activated carbon is an emerging field of interest for wastewater treatment, the exact adsorption
mechanisms for organic and inorganic solutes are still vague. Recently, a π–π dispersion interaction
mechanism was proposed for adsorption of organic compounds [30–32]. This mechanism suggests that
aromatic species and the basal planes in carbon interact with π electrons in each system. In contrast,
some experimental data claim the electron donor–acceptor mechanism governs adsorption of organic
species, considering the complex formation among the adsorbed species and the surface carbonyl
group in the sorbent.

Recent research has placed emphasis on modifying these physical and chemical attributes and
the success achieved in the last few years regarding synthesis of surface-modified activated carbons
and various modification techniques and their effects on energy storage, adsorption of pollutants
from gaseous and liquid phases, is summarized in this review. Generally, carbon-based materials are
activated, generating a well-defined porous structure followed by surface modification. Considering
the modifying agents, the synthetic method can be classified into three main categories: (i) physical
modification, (ii) chemical modification and (iii) biological modification. Herein, we have primarily
reviewed surface chemical modification methods, characterization and their merits from the perspective
of adsorption behavior. The characterization techniques used to analyze modified surfaces of activated
carbons are acid/base titration, Fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron
spectroscopy (XPS) and temperature programmed desorption (TPD). For information related to detailed
experimental procedures and conditions, readers are referred to full articles from the references.

2. Surface Chemical Characteristics

The surface chemistry of carbon-based materials fundamentally relies upon heterogeneity of
the chemical surface, which is associated with the placement of heteroatoms on the surface [33].
Heteroatoms are generally referred to as a group of atoms other than the carbon that are present in
parent matrix, for example, oxygen, nitrogen, hydrogen, sulfur and phosphorus. The nature and
measure of these elements depends upon the nature of the precursors or inoculation methods used
in the activation process [34–36]. By observing the nature of these heteroatoms, it was proposed that
surface functionalities comprising of heteroatoms along with delocalized electrons in aromatic carbon
can generate activated carbon with acidic or basic surfaces.

2.1. Acidic Surfaces

Activated carbons with acidic surfaces mainly include oxygen-containing functional groups [37–39].
Such groups are generally located on the outer surfaces or edges of the basal plane and play a major
role in controlling the chemical nature of carbon. These specific outer positions are mainly considered
as adsorption sites, hence the concentration of oxygen at these particular points has a great influence
on the adsorption capabilities of carbon. Extensive research effort and results suggest that few groups
containing oxygen atoms, including carboxylic, chromene, lactone, phenol, quinone, pyrone, carbonyl
and ethers, are usually located on the carbon surfaces (Figure 1). Functional groups with carboxylic
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moieties are generally responsible for surface acidity [40–43]. Other surface acidic groups include
carboxylic anhydrides, lactones and phenolic hydroxyls.

Figure 1. Acidic and basic surface functionalities on a carbon basal plane. Reprinted with permission
from [44]. Copyright 2004 Elsevier Ltd.

2.2. Basic Surfaces

Two major features responsible for the basic surfaces of activated carbon are: (i) delocalized
π-electrons of fused aromatic structures and (ii) basic surface functional groups (e.g., nitrogen-enriched
functionalities) that can bind protons [45–47]. Previous studies explored certain functional groups
containing oxygen including chromene, ketone and pyrone can also contribute to the basicity of carbon
(Figure 1). On the other hand, extensive studies reveal that the basicity of activated carbons originates
from resonating π-electrons in the carbon matrix. To elaborate, π-electrons in carbon layers can act as
Lewis basic sites. Leon y Leon et al. [48] examined the basic surface character of two series of carbons
and proved that oxygen-free carbon surfaces can efficiently adsorb protons from aqueous media.
The excellent adsorption abilities are accredited to sites situated in the π-electron rich areas on the basal
plane of carbon crystallites. Consequently, these regions possess Lewis basic character [49]. Similarly,
chemical modification via the introduction of nitrogen-enriched functionalities on the carbon surface
can facilitate adsorption of CO2 from the atmosphere. Nitrogen moieties usually induce basic character,
which can improve the interaction between the carbon surface and acidic species via dipole–dipole
interactions, hydrogen bonding and covalent bonding [50,51].

3. Surface Chemical Modification of Activated Carbons

Activated carbons possess three distinct types of chemical surfaces (acidic, basic and neutral)
depending on the chemical nature of surface functionalities [52,53]. These chemical characteristics can
be modified by varying the functional groups on the surfaces; this will be explained in this section.
Table 1 summarizes recent experiments aimed at modifying carbon surfaces to generate the desired
functional groups for improved adsorption of chemical species.

Table 1. Recent research studies on modification of carbon surfaces to generate specific surface
functionalities for enhanced removal of metal species.

Techniques Used Nature of Functional Groups Induced Applications References

Oxidation by nitric acid weakly acidic and non-acidic Cr(III) and Cr(IV) removal [54]
Oxidation by nitric and hydrofluoric acid weakly acidic Cu2+ removal [55]
Oxidation by ammonium persulfate and

sulfuric acid solution weakly acidic Zn2+ removal [56]

Treatment using Na2S weakly acidic Pb2+ removal [57]
Heat treatment in H2S sulfur-based Mercury (as HgCl2) removal [58]

Oxidization using nitric acid,
ammonium persulphate weakly acidic Cu2+ removal [59]

Oxidization using nitric acid weakly acidic Cd2+ removal [60]
Treatment at ambient temperature and

900 ◦C in SO2 and/or H2S sulfur surface complexes Cd2+ removal [61]

Treatment using hydrochloric acid weakly acidic Cr(VI) removal [62]
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3.1. Acid Treatment

To acidify the surface of activated carbon, the surface is generally oxidized as it enhances the acidic
character and hydrophilic nature of the carbon surface by reducing the mineral content [63]. Nitric acid
(HNO3), sulfuric acid (H2SO4) and phosphoric acid (H3PO4) are widely used for this purpose [64–67].
During oxidation, oxygen-enriched functionalities are generated on the carbon surface including
carboxylic, lactone and phenolic hydroxyl groups. The most frequently used activation procedures
for producing oxygen-derived acidic groups are oxidation by gases and aqueous oxidants. Carbon
dioxide, oxygen, steam and air are used as oxidants in gas phase oxidation. Oxidation at a low
temperature leads to the generation of strong acidic functionalities (e.g., carboxylic groups), whereas
an elevated temperature is responsible for the formation of weak acidic groups (e.g., phenolic). Liquid
phase oxidation uses less energy as oxidation at a low temperature can introduce a higher oxygen
content at surfaces compared to gas phase oxidation. Furthermore, gas phase oxidation can enhance
the hydroxyl and carbonyl content on the surface of activated carbon, while liquid-phase oxidation
primarily increases the concentration of carboxylic and phenolic hydroxyl groups.

From the perspective of applications, these acidic groups (i.e., oxygen-containing functional
groups as proton donors) on carbon surfaces can be exploited as adsorbents of heavy metals from
aqueous media via formation of metal-complexes between metal ions and negatively charged acidic
groups. Numerous experimental efforts are focused on carbon surface modification by introducing
acidic groups to enhance the removal of metal ions and organic species from aqueous solutions
(Table 2). Some of these acidic surface functional moieties include carboxyl, quinone, carbonyl, lactone,
hydroxyl and carboxylic anhydride. These specific functional groups are inclined with respect to the
metal-complex formation with alkaline-earth metals and chelation with heavy metal ions. Complex
formation with main group metals can be expressed as follows:

Mn+ + (−COOH) ↔ (−COO)nM + nH+ (1)

Table 2. Acid treated carbons as biosorbents.

Samples Acid Used Species Biosorbed References

Aquatic weeds H2SO4 Cr(III), Cr(VI) [68]
Agricultural waste H3PO4, H2O2 Cd [69]

Olive mill solid residue HCl Phenol [70]
Activated coconut shell carbon H3PO4 Zn(II) [71]

Rice bran HNO3 Cd(II0, Cu(II), Pb(II), Zn(II) [72]
Olive stone H2SO4, HNO3 Pb(II) [73]

The reaction proceeds by cation exchange between the metal cation and the hydrogen ion attached
to the carboxylic group [74]. Apart from using strong acids as oxidizing agents, such as nitric acid
and sulfuric acid, other chemical oxidants such as hydrogen peroxide, acetic acid and oxygen can
also generate acidic functional groups [75–77]. These conventional chemical oxidation methods can
provide beneficial effects on adsorption of metal ions but they destroy the desired physical attribute
of the adsorbents. The textural parameters including BET surface area pore diameter and pore
volume can also be modified and the pores subsequently lose their desired original features. Many
studies in the literature, including the experiment performed by Maroto-Valer et al. [78] demonstrate
that nitric acid treatment reduces the specific surface area and total pore volume by 9.2% and 8.8%,
respectively, where pores are blocked by newly generated oxygen groups. Similar results were also
presented by Rios et al. [79] Aburub and Wurster [80] where the specific surface area of activated carbon
decreased by 33.7% and 6.5%, while treating with pure nitric acid for 38 h and with an equimolar
ratio mixture of nitric/sulfuric acid for 24 h. They proposed that this unprecedented reduction can
be attributed to annihilation of the porous matrix within the activated carbon caused by harsh nitric
acid oxidation. As these conventional methods can reduce the physical characteristics, researchers
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are continuously searching for alternative methods to generate acidic surface functionalities without
unwanted pore blockage. One favorable technique involves the use of oxygen plasma, originally
studied by Garcia et al. [81]. Their conclusions show that the technique could be used to modify the
external surfaces and produced acidic groups, whereas the internal surface was nearly unaffected.
The general assumption regarding plasma treatment is that the oxidizing species do not penetrate
the interior of the carbon. Highly reactive mono-oxygen radicals etch the carbon surface without
destroying the microporosity. Moreover, this assumption was considered true by an experimental
study performed by Domingo-Garcia et al. [82] they declare that the chemical surface groups induced
by oxygen plasma are located on the external surface, while those generated by treatments in aqueous
media of (NH4)2S2O8 and H2O2 are located on the external and internal surfaces. Contrary to this,
Lee et al. [83] used a helium–oxygen plasma produced in a reactor with dielectric-barrier discharge.
During oxidation of activated carbon by this plasma, it was demonstrated that Fe2+ adsorption
improved by a factor 3.8 after treatment. However, the specific surface area decreased by as much
as 22.5% due to demolition of pore walls via gasification of carbon and pore blockage. These two
isolated plasma oxidation methods reveal that not all plasma treatments can offer favorable outcomes
with respect to textural specifications. Therefore, a more rigorous focus on eliminating this drawback
is required in future studies. While acid treatment is a promising method for enhancing adsorption
of metal ions, it weakens adsorption of organic compounds (especially phenol) from an aqueous
environment. This can be attributed to the fact that acid treatment can result in the destruction
of prevailing basic functionalities on the surface of activated carbon, which decreases the phenolic
adsorption. This suggestion was considered in a study directed by Santiago et al. [84] where nitric
acid treatment destroyed basic sites of activated carbon, resulting in a considerable decrease in
phenol uptake. Furthermore, it was suggested that damaging the basic sites ultimately leads to
decreased catalytic activity by phenol in the dilute phenol solutions. Nevertheless, at high phenolic
concentrations, Terzyk et al. [85] found that phenol uptake improved after nitric acid treatment. This
effect was explained via generation of adsorbate–adsorbate interactions at high phenolic concentration.

3.2. Base Treatment

Activated carbon with a base treatment induces a positive charge on the surface that enhances
adsorption of negatively charged moieties. The most convenient way for generating porous carbons
with basic surface characteristics is treatment with hydrogen or ammonia at high temperature. High
temperature treatment (400–900 ◦C) of activated carbons with ammonia causes formation of basic
nitrogen groups on the carbon surface. Nitrogen functionalities can be doped via reaction with
precursors containing nitrogen (such as ammonia, nitric acid and various amines) or activation in the
nitrogen-enriched environment [86–88]. Possible existing forms of the nitrogen include the following
groups: amide, imide, lactame, pyrrolic and pyridinic groups. The chief role of ammonia treatment is
to enhance the basicity of the activated carbon surface. Apart from the introduction of basic nitrogen
atoms at high temperature, the exclusion of oxygen-based groups can significantly increase the basicity
of activated carbons. These nitrogen functional groups usually induce basic character, which can boost
the interaction between adsorbents and acidic species through dipole-dipole interactions, hydrogen
bonding and covalent bonding.

Przepiorski [89] demonstrated the effect of heating conditions on the adsorbent during ammonia
treatment. It was found that the uptake capacity towards phenol improved by as much as 29% at
an optimum temperature of 700 ◦C. In another study, Chen et al. [90] inspected the modification of
activated carbon surfaces during thermal treatment in the presence of ammonia, yielding increased
perchlorate adsorption capacities from aqueous conditions without damaging the porous structure,
which is beneficial for perchlorate adsorption. They demonstrated that the most promising results
were obtained for samples prepared at temperatures between 650 and 700 ◦C with a four-fold rise in
perchlorate adsorption. Economy et al. [91] used ammonia with activated carbon fibers (ACF) at higher
temperatures to acquire a material with basic properties. They also claimed that such fibers were highly
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effective for adsorbing acidic gases like SO2 and CO2. Similarly, Stöhr et al. [92] evidently proved that
the high performance of nitrogen-doped activated carbons prepared at high temperatures (600–900 ◦C).
Free radicals (e.g., NH2, NH, hydrogen and nitrogen) will start to form when carbon-based materials
are kept in an atmosphere containing ammonia at elevated temperatures. These free radicals then
attack the carbon surface and generate nitrogen-based functional groups [93,94]. Ammonia reactions
at particular carboxylic acid groups located on the carbon surface can produce ammonium salts that
generate amides and nitriles upon dehydration:

−COO − NH4
+ → −CO − NH2 → C ≡ N (2)

Substitution of OH groups with ammonia can result in the formation of amines:

−OH + NH3 → −NH2 + H2O (3)

During the reaction with ammonia at high temperatures, ether-like oxygen surface functionalities
are substituted for –NH– on the carbon surface, resulting in generation of imine and pyridine moieties
upon dehydrogenation [95–97]. It was found that amides, imides, imines, amines and nitriles are the
predominant species at low temperature (<600 ◦C), while thermally stable aromatic structures such as
pyrrole and pyridinic-like groups dominated at higher temperatures (>600 ◦C). In conclusion, basic
treatment with ammonia does not require any preliminary oxidation stages, hence basicity can be
induced in a facile manner. A summary of research into the modification of activated carbon with
gaseous ammonia is shown in Table 3.

Table 3. Recent research studies conducted on the modification of activated carbon with gaseous ammonia.

Materials Amination Temperature Applications References

Carbon adsorbents from biomass
residue (almond shells) 800 ◦C CO2 adsorption [98]

Commercial activated carbon 1000 ◦C CO2 adsorption [99]

Commercial granular activated carbons 385 ◦C Adsorption of model aromatic
compounds (aniline and nitrobenzene) [100]

Carbon materials (biomass residues,
sewage sludge, pet coke) 400 ◦C CO2 adsorption [101]

Activated carbon from peat 900 ◦C Enhancement of catalytic activity of AC
in oxidation reaction [92]

Activated carbon from sulfonated
styrene–divinyl-benzene copolymer 600 ◦C Enhancement of molybdenum

adsorption [102]

3.3. Chemical Impregnation

It is widely accepted that the adsorption capacities of activated carbon for eliminating hazardous
toxins can be significantly enhanced by impregnation with the appropriate chemicals [103]. Henning
and Schafer [104] explained impregnation as a uniform distribution of chemicals in the internal
surface of activated carbon. However, some researchers [105,106] associate the introduction of surface
functional groups as impregnation techniques. In this context, we refer to impregnation with substances
that do not affect the pH of the activated carbon surface. These impregnating materials can be metals
or polymeric substances, which generally induce no significant pH changes. Henning and Schafer [84]
indicated that impregnating an activated carbon surfaces should enhance the prevailing properties
of the materials by improving its built-in catalytic oxidation capabilities, promote synergy among
the activated carbon and impregnating agent in order to boost adsorption and augment the capacity
of the material as an inert porous carrier. General industrial processing methods for producing
impregnated activated carbon involve spraying virgin carbon with impregnating agents using a rotary
kiln or fluidized bed. Generally, impregnating materials include hydroxides, carbonates, chromates
or nitrates.
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Two famous researchers (Monser and Adhoum) [107] are actively working on impregnating
activated carbon with foreign compounds. In 2002, they conducted an experiment involving adsorption
of copper(II), zinc(II), chromium(VI) and cyanide (CN−) ions by activated carbons. These activated
carbons were modified with tetrabutyl ammonium (TBA) and sodium diethyldithiocarbamate (SDDC).
From the experimental data, it was found that TBA-modified carbons exhibit a factor 5 greater removal
performance compared to pristine carbons. Similarly SDDC-modified activated carbon exhibited
higher adsorption of copper (II) and zinc(II) (a factor 4 greater), as well as chromium(VI) (a factor 2
greater) than the parent activated carbon. It was concluded that the high adsorption performance
is due to virgin activated carbon and the ion exchange mechanism exhibited by chemical species
impregnated on the surface of activated carbon. In another study, silver and nickel-doped activated
carbons were used as effective adsorbents of cyanide from an aqueous environment. From the results
it was concluded that silver-doped adsorbents exhibit doubles the efficiency of nickel-doped carbons.
The possible uptake mechanisms include adsorption, ion exchange with groups bearing positive charge
located on the carbon surface or complex formation (e.g., Ag(CN)2− and Ni(CN)4

2−). A few years
later, they modified activated carbons with tetrabutyl ammonium (TBA) and copper to be exploited for
efficient phthalate adsorption from industrial wastewater. Their results show that metal modification
on the carbon surface exhibits a factor 2 higher adsorption compared to the parent activated carbon,
while TBA-loaded AC improved phthalate uptake by a factor 1.7 compared to pristine carbon.

Recently, metal impregnation is one emerging field of research. Huang and Vane [108] reported
excellent removal efficiency of arsenic from waste water. The effectiveness of iron-loaded activated
carbon reveals an improved efficiency by a factor 10 compared to unloaded activated carbon. They
further claimed that higher adsorption of arsenic can be attributed to arsenic complex formation
involving ferrous ions. In another study, Leyva Ramos et al. [109] reported the effectiveness
of aluminum-impregnated activated carbon for eliminating fluoride ions from aqueous media.
Aluminum-doped carbons exhibit excellent fluoride uptake at pH 3.5. In a separate experiment,
Dastgheib et al. [87] examined removal of dissolved natural organic matter (DOM) from natural
water using activated carbon impregnated with iron. They concluded that the DOM uptake efficiency
increases up to 120% due to iron impregnation, followed by ammonia treatment at high temperature.
Further examples of chemically impregnated species on activated carbon are listed in Table 4.

Table 4. Chemical impregnated activated carbons and their potential applications.

Samples Species Impregnated Species Removed References

Activated carbon iodine and chlorine Gas-phase elemental mercury [110]
Granular activated carbon sulfur Gas-phase elemental mercury [111]

Activated carbon metallic silver and copper Arsenic [112]
Activated carbons silver and nickel Cyanide [107]

Granular activated carbon copper and silver Cyanide [113]

3.4. Surfactant-Modified Activated Carbons

Numerous research efforts are being devoted to surface modification of activated carbons with
anionic and cationic surfactants [114–118]. A comprehensive explanation of adsorption of these
surfactants on carbon surfaces is still not clear. A general assumption declares that hydrophobic
interactions among surfactants and activated carbon were the primary source for surfactant adsorption
on the surface of activated carbon. However, the direct implication of these surfactant-modified carbons
as adsorbents for removal of pollutants from aqueous solutions is rare. An experiment conducted
by Parette and Cannon [119] illustrate a new approach for modification in which granular activated
carbons were doped with cationic surfactants in order to improve removal of ppb levels of perchlorate
from groundwater in small-scale laboratory tests. They found that activated carbons modified with
cetyl trimethyl ammonium chloride (CTAC) surfactant improved the perchlorate breakthrough time in
a simulated 20–22 min empty bed by a factor 30 compared to virgin activated carbon. Few examples
from the literature, for surfactant-modified carbons as adsorbents, are summarized in Table 5.

7



Coatings 2019, 9, 103

Table 5. Surfactant-modified carbons to adsorb contaminants from aqueous media.

Samples Surfactant Used Species Adsorbed References

Surfactant modified
activated carbon

HDTMA (hexadecyltrimethylammonium
bromide)

CPC (cetylpridinium chloride)
Cr(VI) [120]

Surfactant-modified
mesoporous FSM-16 cetyltrimethylammonium bromide (CTAB) Acid dye (acid yellow

and acid blue) [121]

Activated carbon CPC (cetylpridinium chloride) Reactive black 5 [122]
Surfactant-modified carbon cetyltrimethylammonium bromide (CTAB) Cd(II) [123]
Surfactant modified coconut

coir pith
HDTMA (hexadecyltrimethylammonium

bromide) Cr(VI) [124]

3.5. Ligand Functionalization

Recently, an innovative functionalization technique for graphitic layers of activated carbons was
established by Garcia-Martin et al. [125] where N-(4-amino-1,6-dihydro-1-methyl-5-nitroso-6-oxo2-
pyrimidinyl)-l-lysine (AMNLY) and N-(4-amino-1,6-dihydro-1-methyl-5-nitroso-6-oxopyrimidin-2-yl)-
N-[bis(2-aminoethyl)] ethylene diamine (AMNET) were introduced on basic activated carbon with
relatively low oxygen and nitrogen contents. This functionalized carbon was then used to eradicate
chromate (VI) from aqueous media. They proposed that the inoculation of AMNLY and AMNET
would enrich the π-electron density in the graphene layers, thus improving the adsorptive abilities of
the receptors via π-dispersive and/or donor–acceptor interactions among the pyrimidine moiety in
the receptors and the basic arene centers in the graphene layers. It was found that the adsorption of
Cr(VI) on AMNET-supported AC was roughly amplified by a factor 1.7 as compared to virgin AC.
They accredited the improved adsorptive ability to strong and selective interactions between chromate
anions and NH3

+ groups in this compound. On the other hand, impregnation of AMNLY decreased
the uptake of Cr(VI) by 75%; this was attributed to the suppressed interaction among chromate anion
and NH3

+ groups as a direct consequence of the proximity of a carboxylate center with negative charge.
Examples from literature are presented in Table 6.

Table 6. Ligand functionalization of activated carbons and their applications.

Samples Ligand Functionalized Species Adsorbed References

Activated carbon Benzoylthiourea U(VI) [126]
Carbon 5-azacytosine U(VI) [127]

Activated carbon Hybrid ligands (nitric acid,
thionyl chloride, ethylenediamine) Hg(II) [128]

4. Surface Analyses of Activated Carbons

Characterization of surface functional groups in porous carbon is complex due to the convoluted
surface functionalities and inadequate understanding of their nature. The conventional and
fundamental method for qualitative and quantitative determination is elemental analysis. As this
method is widely used in most experiments due to its convenience, it cannot be used to predict
functional groups, hence it cannot be used as an effective tool for analyzing surface chemistry. Different
characterization techniques have been used to identify and confirm the presence of surface functionalities
on the surfaces of activated carbon [129]. Details of some common methods are as follows.

4.1. Acid/ Base Titrations

Conventional acid/base titration methods, such as those studied by Boehm [130], were used
to analyze the basic and acidic functionalities of the adsorbent surface. The technique is based on
neutralization of specific acids/bases by the basic or acidic functionalities on the adsorbent surface
and quantification of the amount of acid or base that has reacted with these functional groups. Boehm
titration is used to differentiate basic and acidic functional groups based on their neutralization
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abilities [131]. The number of numerous oxygen-enriched acidic sites on the activated carbon was
determined under the supposition that NaHCO3 can only neutralize carboxylic moieties, Na2CO3

would neutralize carboxylic and lactone groups and NaOH will neutralize carboxylic, phenolic and
lactone groups [132]. The number of surface basic groups can be determined from the quantity of HCl
used by carbon during neutralization. The quantity of consumed acid/base due to neutralization of
basic/acidic functional groups on the surface of carbon can be determined using back titration with
NaOH and HCl, respectively. The primary drawback of this technique is that it can only be used
for samples present in large quantity. Furthermore, this method only could be used to measure the
quantity of about half of the total oxygen content of activated carbon. Likewise, the total basicity takes
a single value because the nature of basic surface functional groups is not well explored.

4.2. Fourier Transform Infrared Spectroscopy (FT-IR)

Infrared (IR) spectroscopy is one widely used tool to examine the surface functionalities on
activated carbon. Unfortunately, IR spectra exhibit some limitations that make the spectra difficult
to interpret; the measured peaks are generally a sum of interactions from distinct groups [133,134].
In addition, IR does not offer quantitative evidence regarding the existence of individual functional
groups on activated carbon. These limitations of IR analyses can be reduced using Fourier transform
infrared (FT-IR) spectroscopy. This technique is commonly used for qualitative determination of the
chemical structure and for identifying functionalities on the surfaces of carbon materials [135–138].
The intrinsic signal-to-noise (S/N) ratio can be used to enhance the frequency resolution compared
to dispersive IR spectroscopy. FT-IR spectra show the transmitted infrared intensity at various
wavenumbers. A comparison of the spectra obtained before and after surface modification treatment
can be used to identify which functional groups that form or decompose during the treatment [139].
Aside from the methods explained here, other generally-used techniques for illustrating the surface
chemistry of carbon materials include NMR spectra [140], inverse gas chromatography (IGC) [141]
and electron microscopy, including SEM and TEM [142].

4.3. Temperature Programmed Desorption (TPD)

Surface functional groups can be identified by considering the relative thermal stability of these
groups. Temperature programmed desorption (TPD) is a technique for determining the concentration
of functional groups that exploits the thermal stability of various groups. This method has become
more famous for analyzing oxygen functional groups on the surface of activated carbon [143,144].
The TPD experiment operates on the principle that surface oxygen groups decompose at low
temperatures, release CO2 and CO at higher temperature and release H2O and H2 in some cases
at other temperatures [145–148]. Studies in the literature show that decomposition of different groups
like carboxyl and lactone generates CO2, while decomposition of carbonyl, quinone, phenol and
ether groups leads to CO production. Some other basic functional groups like pyrone and chromene
decompose at high temperature to produce a CO peak. During analysis, different functional groups
can be identified as the temperature is slowly increased. Functional groups corresponding to CO2

are nearly completely utilized at high temperatures (above 1000 ◦C) and only a slight percentage
of CO releasing groups remain on the carbon surface, which can be designated as pyrone and
chromene-type functionalities. A complete picture of the surface groups can be obtained by observing
the decomposition temperature, amount of devolved gases and the mechanism behind the release
of a particular gaseous species (e.g., carbonyl groups devolve as CO) [149,150]. Moreover, it is
difficult to interpret the TPD spectra due to the overlapping desorbed gases produced from various
oxygen-containing structures. However, recognizing each surface group separately requires isolating
CO and CO2 peaks because TPD spectra exhibit high surface mobility and peaks appear as composites
of CO and CO2, particularly at high temperature [151]. Recently, researchers focused on modification
methods for deconvoluting the obtained spectra with the intention of determining distinct kinds of
surface oxygen structures [152].
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4.4. X-Ray Photoelectron Spectroscopy (XPS)

One widely used non-destructive surface analysis technique is X-ray photoelectron spectroscopy
(XPS). In this technique, particular electron binding energies of elements located at the surface are used
to quantify the elemental composition and identify the chemical states of surface elements [153–155].
This spectroscopic method can identify all elements on the surface of activated carbon. The XPS
technique is widely used to study carbon materials. The C1s core region can be used to identify
significant changes in the nature of the carbon during surface modification, such as oxidation and
acidification. From the XPS spectra, four distinct peaks can be seen at different binding energies
corresponding to four different functional groups: C–C or C–H, C–O, C=O and O–C=O [156–159].
Apart from its merits, it cannot be used to distinguish functional groups with very close binding
energies, such as C–C and C–H or C–O–C and C–OH. It also cannot be used to detect hydrogen atoms.
However, it is one of the best tools in analytical chemistry for examining basic nitrogen functionalities.
Modification of carbon surfaces with ammonia is widely explored using XPS. Nitrogen (N1s) core
level studies were performed in order to obtain additional understanding of the chemical nature of
surface functionalities [160,161]. Jensen and van Bekkum [162] found that ammonia modification led
to the generation of amides (399.9 eV), as well as lactams and imides (399.7 eV). Mangun et al. [163]
determined that pyridine (binding energy of 398.4 eV) was the only nitrogen functionality that formed
during high temperature ammonia treatment of activated carbon fibers. Stöhr et al. [92] further found
two N1s peaks with binding energies of 401–400 eV and 399–398 eV due to chemisorption of nitrogen
during ammonia treatment. These peaks were designated as amine and nitrile and/or pyridine-like
nitrogen. Some other XPS surface analysis results indicate that two basic nitrogen functional groups in
coals were pyrrolic and pyridinic groups with corresponding binding energies of 400.3 and 398.7 eV,
respectively [164–166].

5. Practical Applications of Surface-Modified Activated Carbons

To explore the effects induced by chemical surface modifications, researchers have exploited
modified carbons in various practical applications (Table 7). Some of them are described in this section.

Table 7. Chemical modification of activated carbons and their applications.

Materials Modification Methods Final Outcomes References

Corn grains KOH activation Increased surface area (3199 m2/g) results in high specific capacitance (257 F/g) [167]

Porous
carbon

Nitrogen-doping with
2 wt.% of hexamine

Modification of porous carbon with nitrogen has increased the capacitance of
electrodes for supercapacitor applications. [168]

Mesoporous
carbons Nitric acid oxidation An enhanced energy density with a highest value of 5.7 Wh/kg is obtained

after oxidation. [169]

Activated
carbon

Activated carbon was prepared from
eucalyptus wood with H3PO4 and

modified by NH3

Incorporation of nitrogen group in ACs increased their adsorption
capacities. The CO2 adsorption capacity achieved by modified carbon

was 3.22 mmol/g at 1 bar.
[170]

Activated
carbon

Amino/nitro groups were introduced
onto the surface of the activated

carbon (AC) with nitration followed
by reduction.

Results showed that the contents of nitrogen on the treated samples’ surface
increased from 0% to 1.38 after modification. The maximum CO2 adsorption

capacity of the modified samples can reach 19.07 mmol/g at 298 K and 36.0 bar.
[171]

Activated
carbon

Impregnation of carbon with
diethanolamine, methyl diethanolamine

and tetraethylene pentaamine.

Materials impregnated with diethanolamine performed best for CO2 capture; the
highest adsorption capacity achieved was 5.63 mmol CO2/g. [172]

Activated
carbon

Highly polar carbon surfaces were
generated by acid and base treatment

Two common drinking water contaminants, relatively polar methyl
tertiary-butyl ether (MTBE) and relatively nonpolar trichloroethene (TCE) were

successfully adsorbed by activated carbon.
[12]

Activated
carbon Acid treatment with HNO3 and HCl Acid treatment produces more active acidic surface groups such as carboxyl and

lactone, resulting in a reduction in the adsorption of basic dyes. [173]

Activated
carbon

chemical treatments using HNO3,
H2O2, NH3

Excellent dye adsorption performance as a result of chemical modification
of activated carbon. [174]

5.1. Surface Modified Carbons as Supercapacitors

Activated carbon with surface modified chemically are widely used as energy-storage
devices [175]. Ismanto et al. [176] used cassava peel waste to produce activated carbons using
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simultaneous chemical (KOH) and physical (CO2) activation methods. The obtained carbon-based
materials were then subjected to surface oxidation using hydrogen peroxide (H2O2), nitric acid
(HNO3) and sulphuric acid (H2SO4) solutions. As a result of modification, no noticeable change in the
textural features of the final samples was observed but the chemical characteristics of surfaces exhibit
clear changes. New functionalities are introduced on the surface of activated carbon, resulting in
enhanced specific capacitance in HNO3-treated carbons. The results show that the specific capacitance
increased to 264.08 F·g−1 compared to 153.00 F·g−1 for pristine carbon samples. In another experiment,
Elmou Wahidi et al. [177] used activated carbons derived from KOH activation of argan seed shells.
The modified activated carbons induced oxygen and nitrogen groups on the surface. The experimental
findings show that nitrogen-enriched activated carbons exhibited the highest capacitance and retention
of 355 F·g−1 at 125 mA·g−1 and 93% at 1 A·g−1, respectively, compared to oxygen-doped activated
carbons. These results show that surface carboxyl functionalities in oxygen-enriched activated carbons
prevent electrolyte diffusion into the porous network, while the existence of nitrogen groups can
produce micro-mesoporosity and excellent pseudo capacitance properties. Furthermore, Liu et al. [178]
showed that HNO3-modified porous wood carbon monolith (m-WCM) could be used in a super
capacitor. The results demonstrate a significant enhancement in the electrochemical capacitive
performance compared to virgin carbon materials.

5.2. Surface Modified Carbons as Efficient CO2 Adsorbents

The literature reviewed here reveals the rapid innovation of ammonia-modified activated
carbons as an alternative approach for increasing their CO2 capture capacity. The primary attribute
of surface-modified activated carbon is the introduction of nitrogen functionality, which exhibits
strong basicity and can induce Lewis acid-base interactions with acidic CO2 molecules [179–182].
This enhances the adsorption performance. However, very strong chemical interactions between CO2

molecules and the adsorbent surface can lead to poor adsorbent regeneration and are economically
unfavorable. Hence, moderate physisorption is the desired interaction for adsorbing gas molecules
efficiently and releasing them when required.

5.3. Surface Modified Carbons as Organic Pollutant Adsorbents

Studies in the literature show that activated carbons are widely being used for adsorption of
organic molecules compared to metals. The predominant factors contributing to the high adsorption
performance of activated carbons include their excellent textural features and the generation of suitable
surface functional groups. It is commonly known that oxygen-enriched acidic surfaces can reduce
the adsorption of organic species from aqueous media, whereas their absence boosts the adsorption
performance of AC. Weakly acidic functionalities introduced on the surface of carbons can augment
the metal adsorption capacity while decreasing the adsorption of phenolic compounds in an aqueous
environment. This was experimentally demonstrated by Leng and Pinto [183]. They show that phenol
physisorption decreased at high concentrations of surface acidic groups, possibly due to decreased
dispersive forces with the carbon basal plane. Such outcomes are consistent with the findings of
Mahajan et al. [184] which showed that phenol adsorption was augmented with increased availability
of π-electrons on the basal plane of carbon surfaces and decreased oxygen content at adsorption sites.
Some other research groups [185,186] explained the decreased adsorption of phenol by the fact that
water is preferably adsorbed on activated carbon surfaces via hydrogen bonds with oxygen moieties.
This results in the formation of large clusters that hinder the movement of phenol molecules into the
microporous structures. These oxygen clusters subsequently decrease the adsorptive performance by
localizing free electrons in carbon. Other mechanisms [187,188] suggest the generation of two kinds
of interactions among adsorbent electrons and aromatic structure of adsorbate, namely π-dispersion
and electrostatic interactions. To date, nearly all experimental studies involving removal of organics
from aqueous solutions used phenol and benzene-derived compounds as model studies. This can
be attributed to the fact that these aromatics are frequently used in pharmaceuticals, oil refineries
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and pesticide manufacturing. Apart from surface chemistry, other factors such as pH of solution,
temperature of solution, type of adsorbent, oxygen availability and mineral contents should be
considered for efficient removal of organic contaminants from waste water.

5.4. Surface Modified Carbons as Dye Adsorbents

Over the last few decades, the textile and dye industries are making significant progress. However,
removing excess dyes from waste water is still a challenging task for researchers. Various researchers,
including Faria et al. [18] examined surface-modified activated carbons with 6M and 10M nitric
acid and hydrogen peroxide, respectively, along with the heating at 700 ◦C in H2 or N2 atmosphere.
The results show that samples prepared with H2 treatment at high temperature exhibit excellent
capacity to adsorb anionic and cationic dyes. In another interesting experiment, Orfao et al. [189] used
two textile dyes (commonly known as Rifafix Red 3BN and C.I. reactive red 241) for adsorption on
acid-modified activated carbon surface and basic carbon surfaces. The adsorption capabilities show
that basic surfaces play a beneficial role in dye uptake due to dispersive forces between localized
π-electrons in the carbon basal plane and free electrons in the dye molecules. On the other hand,
acid-treated samples exhibit reduced adsorption due to the presence of repulsive forces between the
oxygenated functionalities of the carbon surface and dye molecules. Conversely, these results cannot
be applied to all the textile dyes. Some dyes exhibit reduced adsorption with increased basic character,
such as those studied by Attia et al. [190] Here, Acid Red 73 and Acid Yellow 23 show improved uptake
but Acid Blue 74 exhibits reduced uptake. However, these dyes predominantly consist of organic
structures. Hence, a general hypothesis can be formulated; increasing the acidic functionalities on
the surface of activated carbon should result in decreased dye uptake. This concept is strengthened
by the experimental evidence obtained by Valdes et al. [40]. They found that continued exposure of
activated carbon to ozone gas as an oxidizing agent transformed the basic surface sites to acidic surface
sites. Consequently, the uptake of methylene blue was reduced. They further elaborated this by the
fact that oxidation can release electrons from activated carbon bands, which decreases the dispersion
interactions among the π-electron system in the ring structures of the dye and the graphitic planes on
the carbon surface.

In another experiment, 2M nitric and hydrochloric acids were used to modify carbon surfaces.
Later on, these carbons were used by Wang et al. [191] to study the uptake capacity of methylene blue.
HCl and HNO3 treatment reduced the adsorption capacity by up to 10.6% and 13.5%, respectively.
They concluded a similar mechanism was responsible for these results, where acid functionalities
formed on the surface of activated carbon and electrons were extracted, thus reducing the uptake
of methylene blue. They further explain the activity differences resulting from the use of both acids.
According to the authors, carbons treated with HCl exhibit greater uptake than carbons treated with
HNO3. This can be attributed to the fact that negative ions (Cl−) can adsorb on positive sites on the
carbon surface and can induce negative charge on the carbon surface, thus facilitating adsorption of
positively charged dye molecules. However, contrary to these experiments, Jiang et al. [17] claimed that
high temperature oxidation by concentrated H2SO4 can lead to increased methylene blue adsorption.
This can be justified by the increased mesopore volumes after high temperature modification, which
can result in enhanced dye adsorption.

6. Concluding Remarks and Future Outlook

In this review, an extensive study based on activated carbon modification methods, in order to
improve the adsorption capacity for diverse contaminants in water and air, is presented. Different
activating agents are used to induce the formation of different surface functional groups. Generally,
uptake of metal ions from an aqueous environment requires an acidic treatment, while inducing
basicity is highly recommended for removal of anionic pollutants, organic moieties and CO2 from
air. After examining all the possible modification methods, one finds that an acidic treatment is
generally the most studied and used technique, perhaps due to its simplicity, ease of applicability,
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the availability of many oxidizing agents and the well-understood oxidation mechanism that has
been used from many years. Currently, the main focus of researchers is to design activated carbons
with modified surfaces and excellent textural parameters. In this context, many experiments were
performed in order to develop economically cheap activated carbon electrodes capable of storing large
amounts of energy with minimum resistance. Similarly, carbon-based materials with basic surfaces to
enhance CO2 adsorption in order to mitigate global warming, is highly needed. On the other hand,
activated carbons with surfactant modification that are tailored to eliminate pollutants from aqueous
media require further investigation in order to yield excellent performance as experimental findings
in this area are limited. Furthermore, considering the effects of enhanced and decreased uptake of
particular pollutants, selective adsorption can be induced, which provides a new pathway in the field
of clean energy and environmental science. Apart from these research findings, the most important
drawbacks are the cost of the modification process and treatment of the leftover hazardous chemicals
used during modification. While recovering adsorbents, one should notice that chemicals used for
modification should not enter the atmosphere and must be recovered. Adsorbents should be used in
cyclic measurements and easy to regenerate. Keeping all these points in mind, the field requires facile,
novel, simple and greener techniques for modification of activated carbons. One example of such a
technique is the use of plasma treatment to generate a desired charge on the surface of carbon, making
it effective for elimination of contaminants. Thus, the authors find that new, efficient modification
methods should be explored as these methods improve the chemical surfaces of activated carbons
while simultaneously preventing destruction of the textural characteristics.
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Abstract: Three novel glycosidases produced from Lactobacillus plantarum, so called Lp_0440, Lp_2777,
and Lp_3525, were isolated and overexpressed on Escherichia coli containing a His-tag for specific
purification. Their specific activity was evaluated against the hydrolysis of p-nitrophenylglycosides
and p-nitrophenyl-6-phosphate glycosides (glucose and galactose) at pH 7. All three were modified
with hyaluronic acid (HA) following two strategies: A simple coating by direct incubation at alkaline
pH or direct chemical modification at pH 6.8 through preactivation of HA with carbodiimide (EDC)
and N-hydroxysuccinimide (NHS) at pH 4.8. The modifications exhibited important effect on enzyme
activity and specificity against different glycopyranosides in the three cases. Physical modification
showed a radical decrease in specific activity on all glycosidases, without any significant change
in enzyme specificity toward monosaccharide (glucose or galactose) or glycoside (C-6 position free
or phosphorylated). However, the surface covalent modification of the enzymes showed very interesting
results. The glycosidase Lp_0440 showed low glycoside specificity at 25 ◦C, showing the same
activity against p-nitrophenyl-glucopyranoside (pNP-Glu) or p-nitrophenyl-6-phosphate glucopyranoside
(pNP-6P-Glu). However, the conjugated cHA-Lp_0440 showed a clear increase in the specificity towards
the pNP-Glu and no activity against pNP-6P-Glu. The other two glycosidases (Lp_2777 and Lp_3525)
showed high specificity towards pNP-6P-glycosides, especially to the glucose derivative. The HA covalent
modification of Lp_3525 (cHA-Lp_3525) generated an enzyme completely specific against the pNP-6P-Glu
(phosphoglycosidase) maintaining more than 80% of the activity after chemical modification.
When the temperature was increased, an alteration of selectivity was observed. Lp_0440 and cHA-Lp_0440
only showed activity against p-nitrophenyl-galactopyranoside (pNP-Gal) at 40 ◦C, higher than at 25 ◦C
in the case of the conjugated enzyme.

Keywords: glycosidades; phosphate-glycopyranosides; phosphoglucosidase; chemical modification;
hyaluronic acid

1. Introduction

Chemical modification of enzymes has been described as a fascinating approach for changing
their catalytic properties [1–5]. One of the most generic strategies, which does not require previous
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genetic modification of the enzyme, is focused on the incorporation of molecules on protein residues
chemical groups (COOH, NH2, OH) or by single chemical modification on the N terminus (the most
reactive group at neutral pH) [3–6]. Both strategies have been successfully used to improve the activity
or stability of enzymes in several cases [7–10]. However, very few examples have been reported,
mainly in lipases, for the alteration of selectivity and, specifically, regioselectivity [9,10].

In this case, a particularly important application regarding the control of glycosidases
regioselectivity [11,12] is their critical role in carbohydrate chemistry [13,14]. The process to control
and modulate these enzymes for carbohydrate synthesis is a very important issue considering the key
role that sugars play in a broad range of biological processes [15,16]. For example, the production
of new sugars with different properties and the modification of natural products to enhance drugs’
functional properties such as solubility, pharmacokinetics, or pharmacodynamics [17,18].

From this point of view, phosphorylated carbohydrates represent an important class of sugars
very relevant in biology [19]. For example, a challenging research line is obtaining Xeno nucleic
acids (XNAs), synthetic nucleic acid analogues that have a different sugar backbone in comparison to
DNA or RNA and could serve as building blocks for completely new genetic systems [20]. In particular,
1,5-anhydrohexitol nucleic acid (HNA) presents a glucose-mimic core with a phosphate group in
C-6 [21]. However, phosphoglycosynthetic enzymes are not that widespread and need to be synthesized
for their catalytic application.

Therefore, controlling the specificity of natural specific phosphoglycosidases is a very important
challenge for future applications. In this work, we present the effect on regioselectivity of the chemical
modification of three different glucosidases from a bacterial source, Lactobacillus plantarum, with a high
selectivity to p-nitrophenyl-6-phosphate-glycopyranosides.

One of the most interesting modification of enzymes has been achieved using polymers [22].
For example, the use of tailor-made dextran polymers showed interesting results, obtaining novel
and selective biocatalysts [7–10,23].

Hyaluronic acid is a well-known, widely studied polymer because of its interesting properties.
It has been used as conjugate with different enzymes in biomedical applications, such as therapeutic
proteins [24,25]. Structurally, is a glycopolymer based on a linear repetitive unit of a 1,4-disaccharide
constituted by a glucuronic acid and a 2-acetamido-glucosamine units. As a comparison, dextran repetitive
unit is a 1,3-1,6-trisaccharide (Scheme 1). Indeed, whereas the dextran must be functionalized to be
applied for coating processes, HA is already functionalized due to the abundance of carboxylic groups.

 
Scheme 1. Different natural polysaccharides.

Here, the covalent modification of the NH2 groups of three glycosidases from L. plantarum
has been performed using hyaluronic acid to alter and improve the specificity towards
p-nitrophenyl-6-phosphate-glycopyranosides against their corresponding free glycopyranosides.
For that purpose, the hydrolytic activity of the different enzymes against four
different substrates, 1-O-(4-nitrophenyl)-β-d-glucopyranoside (pNP-Glu), 1-O-(4-nitrophenyl)-
6-O-phosphate-β-d-glucopyranoside (pNP-6P-Glu), 1-O-(4-nitrophenyl)-β -d-galactopyranoside
(pNP-Gal), and 1-O-(4-nitrophenyl)-6-O-phosphate-β-d-galactopyranoside (pNP-6P-Gal) (Scheme 2)
were evaluated.
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Scheme 2. Hydrolysis of p-nitrophenyl-glycopyranosides catalyzed by glycosidases.

2. Materials and Methods

2.1. General Description

1-O-(4-nitrophenyl)-β-d-glucopyranoside (pNP-Glu), 1-O-(4-nitrophenyl)-β-d-galactopyranoside
(pNP-Gal), 1-O-(4-nitrophenyl)-6-O-phosphate-β-d-galactopyranoside (pNP-6P-Gal), N-hydroxysuccinimide
(NHS), extra-low molecular weight hyaluronic acid 8000–15,000 Da (HA), acryl/bis-acrylamide 30% solution,
ammonium persulfate (APS), N,N,N′,N′-tetramethylethylendiamine (TEMED), tris-base buffer, and sodium
phosphate were purchased from Sigma-Aldrich (Saint Louis, MO, USA). 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) was acquired from Tokyo Kasei (Japan). Spectrophotometric measurements were
performed in a microplate reader from Biochrom (Cambridge, UK). Electrophoresis tools were acquired
from Hoefer (Holliston, MA, USA).

2.2. Expression of Lp_ 0440, Lp_2777, and Lp_3525 Genes in Escherichia coli and Purification
of the Recombinant Proteins

The Lp_0440, Lp_2777, and Lp_3525 genes from L. plantarum WCFS1 were amplified by
polymerase chain reaction (PCR). Oligonucleotides 1666 (5′ TAACTTTAAGAAGGAGATATACAT
ATGACGATTAAAGGACGAGCGTTTC) + 1667 (5′-GCTATTAATGATGATGATGATGATGCTCAATT
TCGGCACCATTTGTCGC) were used to amplify Lp_0440, primers 1591 (5′-TAACTTTAAGAAGGAG
ATATACATATGGCAACAACGAGTGGTTTAGA) + 1592 (5′-GCTATTAATGATGATGATGATG
ATGCTTCAAATCGGCCCCATTCGTC) to amplify Lp_2777, and finally, oligonucleotides 427
(5′-CATCATGGTGACGATGACGATAAGATGTCAGAGTTCCCAGAA) + 428 (5′-AAGCTTAGTTA
GCTATTATGCGTACTATTTCTTTGTCAGCCCATTATGC) to amplify the Lp_3535 gene. Genbank
accession number of the enzyme genes are Lp_2777 (YP_0048900399.1); Lp_3525 (YP_004891005.1);
and Lp_0440 (YP_004888459.1). Advantage HD DNA polymerase (TaKaRa, Kusatsu, Japan) was used
for PCR amplifications. The purified PCR products were inserted into the pURI3 (Lp_3525 gene)
or pURI3-Cter (Lp_0440 and Lp_2777 genes) vectors using a restriction enzyme- and ligation-free
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cloning strategy [26]. These vectors produce recombinant proteins having a six-histidine affinity tag
at their N-(Lp_3525) or C-terminal (Lp_0440 and Lp_2777) ends. Escherichia coli DH10B cells were
transformed and the recombinant plasmids obtained (pURI3-Cter-Lp_0440, pURI3-Cter-Lp_2777,
and pURI3-Lp_3525) were isolated and verified by DNA sequencing, and then used to transform E. coli
BL21(DE3) cells for expression. E. coli cells were grown in lysogeny broth (LB) medium containing
ampicillin (100 μg/mL), until they reached an optical density at 600 nm of 0.4 and induced by adding
isopropyl β-d-1-thiogalactopyranoside (IPTG) (0.4 mM final concentration). After induction, the cells
were grown at 22 ◦C during 20 h. The induced cells were harvested by centrifugation (8000 g for 15 min
at 4 ◦C), resuspended in phosphate buffer (50 mM, pH 7) containing 300 mM NaCl, and disrupted
by French press passages (three times at 1100 psi). Insoluble fraction of the lysates was removed
by centrifugation at 47,000 g for 30 min at 4 ◦C. The supernatant was filtered through a 0.2-μm
pore-size filter and then loaded onto a Talon Superflow resin (Clontech, Mountain View, CA, USA)
equilibrated in phosphate buffer (50 mM, pH 7) containing 300 mM NaCl and 10 mM imidazole to
improve the interaction specificity in the affinity chromatography step. The bound enzymes were
eluted using 150 mM imidazole in the same buffer. The purity of the enzymes was determined
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in tris-glycine buffer.
Fractions containing the His6-tagged protein were pooled (fractions were dialyzed against 50 mM
sodium phosphate buffer, 300 mM NaCl, pH 7 at 4 ◦C using dialysis membranes (OrDial D35-MWCO
3500, Orange Scientific, Braine-l’Alleud, Belgium) of 3.5 kDa pore diameter. Four changes of buffer
were made to eliminate the imidazole present in the sample.) and analyzed. The three enzymes were
defined as Lp_0440, Lp_2777, and Lp_3525.

2.3. Physical Modification of the New LpGs

First, 28 mg of HA were dissolved in 2.8 mL of water at pH 5 (final concentration 1% HA).
Then, 200 μL of HA solution were added to 1 mL of a 0.05 mg/mL enzyme solution, and the mixture
was left in agitation overnight. The novel biocatalysts were named HA-Lp_0440, HA-Lp_2777,
or HA-Lp_3525, respectively.

2.4. Covalent Modification of Lp Glycosidases with Hyaluronic Acid (HA)

28 mg of HA were dissolved in 2.8 mL of water at pH 5 (final concentration 1% HA). To this
solution, 108 mg of EDC (10 eq) and 96 mg of NHS (15 eq) were added and pH checked (must be
between 5.0 and 5.5). HA activation was left in agitation for one hour. After that, 200 μL of phosphate
buffer 100 mM pH 7 was incorporated to inactivate the reagents. Next, 200 μL of activated HA were
added to 1 mL of a 0.05 mg/mL enzyme solution and the mixture was left in agitation overnight.
The novel biocatalysts were named as cHA-Lp_0440, cHA-Lp_2777, or cHA-Lp_3525, respectively.

2.5. Native Electrophoresis Assay

For native PAGE, 12% separating gel and 4% stacking gel were used. Samples were mixed in
Eppendorf tubes in 1:1 ratio with 2× sample buffer (25% glycerol, 62.5 mM tris-HCl pH 6.8 and 1%
bromophenol blue) and the electrophoresis was performed in tris-HCl buffer pH 8.3 on ice at low
voltage (around 120 V) and amperage, to prevent protein degradation. After that, silver staining was
used [27].

2.6. Synthesis of 4-Nitropheny,6-Phosphate-β-d-Glucopyranoside (pNP-6P-Glu)

Phosphorous oxychloride (0.74 mL) was added to a solution of 4-nitrophenyl β-d-glucopyranoside
(2.6 mmol) in trimethyl phosphate (6.19 mL) and stirred for 3 h at 0 ◦C. Then, the pH of the reaction
mixture was adjusted to 7 with aqueous ammonia 30% at 0 ◦C. The solvents were evaporated to
dryness. The solid formed was washed with MeOH (200 mL) and the liquid phase was evaporated to
dryness. The residue was washed again with AcOEt (50 mL) and Et2O (50 mL) and the liquid phase was
evaporated under reduced pressure giving a white solid which was purified with HPLC semipreparative
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technology, using SunFire™ Prep C18 OBDTM (Waters corporation, Mildford, MA, USA) 5 μm,
19 mm × 150 mm column, to afford 404 mg of the glycoside 6-phosphate as white solid (41%). 1H NMR
(500 MHz, Methanol-d4) δ 6.68 (dd, J = 9.3, 0.8 Hz, 1H), 5.71 (dd, J = 9.2, 0.8 Hz, 1H), 3.61–3.47 (m, 1H),
2.84–2.79 (m, 1H), 2.60–2.52 (m, 1H), 2.20–2.12 (m, 1H), 1.97–1.94 (m, 2H), 1.90–1.83 (m, 1H).13C NMR
(126 MHz, Methanol-d4) δ 163.8, 144.0, 126.6, 117.8, 101.6, 77.7, 76.6, 74.7, 71.0, 66.7.

2.7. Enzymatic Activity Assay of Glycosidases in the Hydrolysis of p-Nitrophenyl-Glycopyranosides

Assays were monitored using a plate reader measuring at a wavelength of 405 nm. To each well,
300 μL of substrate were added and, over this, a different volume of enzyme solution was added
depending of the activity of each one of them. For Lp_2777 and Lp_3525, only 10 μL (0.05 mg/mL)
were needed, whereas for Lp_0440 (0.05 mg/mL), 50 μL were needed, due to its lower activity.
The following substrates were tested: pNP-Glu, pNP-Gal, pNP-6P-Glu, and pNP-6P-Gal. Substrates were
dissolved in phosphate buffer pH 7 to a 5 mM final concentration, except pNP-6P-Glu that was dissolved
to a concentration of 1.25 mM. The enzyme activity of the different glycosidases was measured at room
temperature and at 40 ◦C. For the latter purpose, the enzymes were incubated in a thermoblock that
had been previously preheated to 40 ◦C. The sample was taken after 10 min and cooled at room
temperature, then its activity was measured following the protocol described above.

Samples were measured at different times, obtaining 10 absorbance values, that were represented.
Then, ΔAbs/min was obtained from the slope of the linear tendency showed by the data.
Experiments were performed in triplicate.

3. Results and Discussion

3.1. Production and Purification of the Different Glycosidases

The proteins were identified based on their annotation in the database as 6-phospho-β-glucosidases
and the three enzymes exhibited high sequence identity among them. The expression of Lp_3525
was previously analyzed [28] and the oligomeric state, enzymatic activity using salicin, cellobiose,
and gentibiose as substrates, and crystallization of Lp_0440 was previously published [29].

The Lp_0440, Lp_2777, and Lp_3525 genes were cloned into the pURI3-Cter (Lp_0440 and Lp_2777
genes) and pURI3 (Lp_3525 gene) expression vectors by a ligation-free cloning strategy described
previously [26]. The vectors incorporate the DNA sequence encoding hexahistidine at their N
(Lp_3525)- or C-terminal (Lp_0440 and Lp_2777) ends to create a His-tagged fusion enzymes for
further purification steps. Lp-3525 was cloned on the constructed pURI3 vector developed previously
to produce proteins having a N-terminal poly-His-tag [30]. Later, a family vector from pURI3 were
developed [26] where one of them, pURI3-Cter vector, allowed the production of recombinant proteins
having poly-His-tag at the C-terminus, and Lp_2777 and Lp_0440 were cloned on it.

These genes were expressed under the control of an isopropyl-β-d-thiogalactopyranoside inducible
promoter. Cell extracts were used to detect the presence of overproduced proteins by SDS-PAGE
analysis (Figure 1). Overproduced proteins with an apparent molecular mass around 55 kDa were
observed in cells harboring pURI3-Cter-0440 (Figure 1a), pURI3-Cter-2777 (Figure 1b), and pURI3-3525
(Figure 1c). The recombinant proteins (Lp_0440, Lp_2777, and Lp_3525) were purified by a metal
affinity chromatography resin, and eluted with phosphate buffer (50 mM, pH 7) containing 300 mM
NaCl and 150 mM imidazole. SDS-PAGE analysis (Figure 1) revealed the production of highly purified
His6-tagged enzymes at yield from 3.4 mg protein/L culture (Lp_3525), 4.65 mg protein/L culture
(Lp_0440) to 21.37 mg protein/L culture (Lp_2777).
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Figure 1. The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of
the purification of different glycosidases from Lactobacillus plantarum WCFS1. (a) Lp_0440, (b) Lp_2777,
and (c) Lp_3525. Lane 1: Soluble cell extracts of Escherichia coli BL21 (DE3) (pURI3-Cter for a,b) or (pURI3 for c).
Lane 2: E. coli BL21 (DE3) (pURI3-Cter-0440 for (a), pURI3-Cter-2777 for (b), pURI3-Cter-3525 for (c).
Lane 3: Flowthrough. Lane 4: Protein eluted after His affinity resin and dialysis. The gel was
stained with Coomassie blue. Molecular mass markers are located on the left (SDS-PAGE Standards,
Bio-Rad, Hercules, CA, USA).

3.2. Modification of Different LpGs by Hyaluronic Acid (HA)

The three different glycosidases (Lp_0440, Lp_2777, and Lp_3525) were specifically modified with
hyaluronic acid (HA). The chemical modification was performed by the functionalized group COOH
of the HA which was previously activated with N-hydroxysuccinimide (NHS) (Scheme 3). In all cases,
the activated HA-NHS was added to the protein at pH 7, where mainly the most reactive group in
the protein, the amino group in the N-terminus, reacted forming a covalent amide bond between
enzyme and polymer (Scheme 3), producing the covalent HA (cHA)-glycosidase conjugates.

Scheme 3. ThechemicalmodificationwithNHS-activatedhyaluronicacid(8–14kDa)ofthedifferentglycosidases.
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Taking into consideration that the introduction of the polymer can produce alteration in the neat
charge of the protein, native PAGE of these modified glycosidases at the same concentration was
performed (Figure 2).

 
Figure 2. Native PAGE of the different modified cHA-glycosidades. Lp_0440 (Lane 1), cHA-Lp_0440
(Lane 2), Lp_2777 (Lane 3), cHA-Lp_2777 (Lane 4), Lp_3525 (Lane 5), cHA-Lp_3525 (Lane 6).

The protein bands of the conjugates cHA-Lp_0440 and cHaLp_2777 were quite blurred with
a slight lower RF, whereas the intensity of the band was conserved in the conjugate cHA-Lp_3525.
Both enzymes, Lp_0440 and Lp_2777 present a His6-tag in the C-terminus of the protein, whereas in
Lp_3525, this tag was located in the N-terminus. Considering the tridimensional structure of the enzyme
Lp_0440 (Figure S1, Supplementary Materials), we have observed that both N and C-terminus are in
the area in the protein. However, C-terminus is nearest to an alpha-helix in the protein, at 5.3 Å of
distance to the Arg403 taken as reference whereas the N-terminus is at 16.3 Å (Figure S1). This alpha
helix contains a number of polar aminoacid residues (Glu412, Asp401, Asp396). In the case of
His6-tag at N-terminus (Lp_3525), the amino group where the polymer is anchored is far from
the protein structure (Figure S2, Supplementary Materials) whereas when the His6-tag was introduced
on the C-terminus (Lp_0440 and Lp_2777) the amino group on the protein from reaction is much near
to the protein, being possible an interaction between the HA and tag, making maybe more difficult
the electrophoretic mobility of the sample.

Also, a noncovalent strategy of the random interaction between the carboxylic groups of
the polymer and amino groups on proteins (Lys) at alkaline pH was also performed. This strategy
caused the interaction of the polymer on different areas of the proteins, specifically in the rich areas of
Lysines (see Figure S3 in Supplementary Materials).

3.3. Glycosidase Activity, Specificity, and Regioselectivity of the Different Modified Glycosidases

The different nonmodified, physically and covalently modified glycosidases from L. plantarum were
tested as catalysts in the hydrolysis of different p-nitrophenyl-glycopyranosides, non-phosphorylated
(pNP-Glu, pNP-Gal) and C-6 phosphorylated (pNP-6P-Glu, pNP-6P-Gal) at 25 ◦C and pH 7 (Scheme 2).

The activity of the three different glycosidases were quite different depending on the used substrate
(Table 1). Lp_0440 was a more promiscuous enzyme, being able to hydrolyze pNP-Glu, pNP-Gal,
and pNP-6P-Glu. Indeed, the activity against pNP-Glu and pNP-6P-Glu was similar, and also showed
two-fold less activity against pNP-Gal over pNP-Glu (Table 1, Entry 1).
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Table 1. The hydrolysis of p-nitrophenyl-glycopyranosides catalyzed by glycosidases from L. plantarum
at 25 ◦C a.

Entry Biocatalyst
Activity (ΔAbs/min) a

pNP-Glu b pNP-6P-Glu c pNP-Gal b pNP-6P-Gal b

1 Lp_0440 39.20 ± 1.20 39.1 ± 1.10 15.6 0
2 HA-Lp_0440 5.80 ± 0.20 3.30 ± 0.10 5.1 0
3 cHA-Lp_0440 13.10 ± 0.39 1.90 ± 0.10 7 0
4 Lp_2777 0 270 ± 8 0 1.4 ± 0.07
5 HA-Lp_2777 0 0 0 0
6 cHA-Lp_2777 0 80 ± 2 0 0.5 ± 0.04
7 Lp_3525 0 335 ± 10 0 12.4 ± 0.38
8 HA-Lp_3525 0 20 ± 0.60 0 0
9 cHA-Lp_3525 0 252 ± 7.5 0 0

a Activity values ×10−3; b Conditions: Substrates were dissolved in phosphate buffer pH 7 to a 5 mM final
concentration, and 10 μL of enzyme solution (0.05 mg/mL) were added, except for Lp_0440, where 50 μL (0.05 mg/mL)
were used; c Conditions: Substrates were dissolved in phosphate buffer pH 7 to a 1.25 mM final concentration.,
and 10 μL of enzyme solution (0.05 mg/mL) were added, except for Lp_0440, where 50 μL (0.05 mg/mL) were used.

A bioinformatic analysis of the crystal structure of Lp_0440 [28] showed three important
aminoacidic residues clearly involved in the specificity and regioselectivity control (Figure 3). Ala431 is
the responsible to interact with the phosphate molecule which is also stabilized, whereas the Gln22 is
responsible to stabilize O4 in axial, controlling the regioselectivity between Gal and Glu.

 
Figure 3. Lp_0440 in complex with (a) pNP-6P-Glu and (b) pNP-6P-Gal. Glu180 (active site) is marked
in red, pNP-6P-Glu in green, and pNP-6P-Gal in blue. The protein structure was obtained from
the Protein Data Bank (PDB code: 3qom) and the pictures were created using Pymol v. 0.99.

Lp_0440 showed 2-times better accommodation of the Glu molecules, O in equatorial position
than in axial. However, the surroundings of the active site did not affect the control of the interaction
in Ala431 because the location between the hydroxyl in C-6, free or phosphorylated, presented
the same accommodation, resulting in the same activity. The housing of the Gln22 enables the activity
against galactopyranosides.

The modification of this enzyme with HA caused changes in activity and specificity against
the different glycopyranosides. The simple physical adsorption approach caused a decrease in
the activity, most notably against the pNP-6P-Glu. However, the covalent modification with HA resulted
in an alteration of the modulation, directly improving the recognition of pNP-Glu more than 5 times over
the pNP-6P-Glu. It was interesting that galactose activity was almost lost in the cHA-Lp_0440 variant.

The Lp_2777 enzyme was completely specific towards the p-nitrophenyl-6-P-glycopyranosides,
especially pNP-6P-Glu (almost 200 times higher activity than pNP-6P-Gal). No traces of activity were
observed using pNP-Glu or pNP-Gal (Table 1, Entry 5). In this case, the modification with HA caused
a complete loss of activity by physical adsorption (HA-Lp_2777) and did not improve the specificity
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of the enzyme against any of the tested substrates in the covalent approach (cHA-Lp_2777) (Table 1,
Entry 6).

A very different result was achieved in the Lp_3525 (Table 1). The enzyme was very specific for
pNP-6-P-glycopyranosides and, as well as Lp_2777, showed much higher activity against pNP-6P-Glu
(Table 1, Entry 7). The HA coating caused a high decrease in the activity (>90%), only conserving slight
activity against pNP-6P-Glu.

However, the covalent attachment of HA generated a new enzyme (cHA-Lp_3525) highly specific,
recognizing exclusively the pNP-6P-Glu, showing no activity against any other tested substrate (Table 1,
Entry 9). This seems to indicate that the HA modification caused the rigidification needed in the active
site as hypothesized in Figure 3a.

Furthermore, temperature effect on the activity and specificity for these enzymes was evaluated
(Table 2). Short-time incubation of Lp_0440 at 40 ◦C showed an important shift of specificity against
substrates. The enzyme recognized only the pNP-Gal at this pH, with a slight increase in activity
over the one shown at 25 ◦C. This phenomenon was also observed in the cHA-Lp_0440 (Table 2,
Entry 3), hydrolyzing exclusively pNP-Gal instead of pNP-Glu. This result could be explained by
a clear alteration of the Gln22 (Figure 3) by the temperature shifting the selectivity towards the O-4
in axial (galactose) than in equatorial position (glucose) on the sugar moiety. No improvements in
the specificity were observed in the other two enzymes, where Lp_3525 conserved almost all the activity
whereas the modified ones suffered a high decrease (Table 2).

Table 2. Hydrolysis of p-nitrophenyl-glycopyranosides catalyzed by glycosidases from L. plantarum
at 40 ◦C a.

Entry Biocatalyst
Activity (ΔAbs/min) a

pNP-Glu b pNP-6P-Glu c pNP-Gal b pNP-6P-Gal b

1 Lp_0440 0 0 17 ± 0.50 0
2 HA-Lp_0440 0 0 1.6 ± 0.13 0
3 cHA-Lp_0440 0 0 11.4 ± 0.34 0
4 Lp_2777 0 69 ± 2 0 3.2 ± 0.01
5 HA-Lp_2777 0 0 0 0.7 ± 0.07
6 cHA-Lp_2777 0 8.7 ± 0.26 0 0.8 ± 0.08
7 Lp_3525 0 300 ± 9 0 5.5 ± 0.17
8 HA-Lp_3525 0 0 0 0
9 cHA-Lp_3525 0 0.3 ± 0.03 0 3 ± 0.15

a Activity values ×10−3; b Conditions: Substrates were dissolved in phosphate buffer pH 7 to a 5 mM final
concentration, and 10 μL of enzyme solution (0.05 mg/mL) were added, except for Lp_0440, where 50 μL (0.05 mg/mL)
were used; c Conditions: Substrates were dissolved in phosphate buffer pH 7 to a 1.25 mM final concentration,
and 10 μL of enzyme solution (0.05 mg/mL) were added, except for Lp_0440, where 50 μL (0.05 mg/mL) were used.

This mild and simple strategy to modifying for the first-time glycosidases activity and specificity
could be another alternative strategy than other described in the literature to modified proteins
by hyaluronic acid [31–35]. Most of the methodologies described for N-terminal modification of
proteins using HA (e.g., slight HA oxidation or modification of HA with an acetal spacer [31,32])
are focused on biomedical applications and only few example are applied to enzymes, mainly for
stability studies [31,32].

4. Conclusions

Chemical modification with hyaluronic acid has resulted in an interesting strategy to alter
and modulate the specificity of three new glycosidases from L. plantarum. A very high specificity
against pNP-6P-Glu has been obtained by the chemically modified cHA-Lp_3525 phosphoglycosidase.
However, a more promiscuous glycosidase as Lp_0440, it was modulated its selectivity against a high
specificity towards non-phosphorylated substrate after HA covalent modification.
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Therefore, these results open the door to the application of this chemical modification strategy in
order to control the specificity of glycosidases. This could be relevant, for example, to obtain synthetic
biocatalysts needed to produce bioactive oligosaccharides.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/9/5/311/s1,
Figure S1: Lp_0440 structure incorporating a His6-tag in the C-terminus; Figure S2: Differences on the hyaluronic
acid (HA) chemical modification of glycosidases containing a His6-tag in the N- or C-terminus; Figure S3: Lp_0440
surface tridimensional structure.
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Abstract: Research on corrosion protection of aluminum has intensified over the past decades due to
environmental concerns regarding chromate-based conversion coatings and also the higher material
performance requirements in automotive and aviation industries. Phosphonic acid-based organic
and organic-inorganic coatings are increasingly investigated as potential replacements of toxic and
inefficient surface treatments for aluminum. In this review, we have briefly summarized recent
work (since 2000) on pretreatments or coatings based on various phosphonic acids for aluminum
and its alloys. Surface characterization methods, the mechanism of bonding of phosphonic acids
to aluminum surface, methods for accessing the corrosion behavior of the treated aluminum, and
applications have been discussed. There is a clear trend to develop multifunctional phosphonic acids
and to produce hybrid organic-inorganic coatings. In most cases, the phosphonic acids are either
assembled as a monolayer on the aluminum or incorporated in a coating matrix on top of aluminum,
which is either organic or organic-inorganic in nature. Increased corrosion protection has often been
observed. However, much work is still needed in terms of their ecological impact and adaptation to
the industrially-feasible process for possible commercial exploitation.

Keywords: phosphonic acids; corrosion protection; aluminum; sol-gel; coatings

1. Introduction

Aluminum (Al) and its alloys have been widely used in engineering applications because of their
higher strength to weight ratio, ductility, formability, and lower costs. In many applications, such as in
aircraft, automobiles, and structural parts in buildings, its corrosion resistance becomes very important.
Aluminum, by itself, is relatively stable to corrosion because it readily oxidizes to form a passive
protective oxide layer on its surface which is robust and does not simply flake off. However, the
galvanic corrosion of aluminum is very critical and is complicated in various alloys and under acidic
pH. An excellent review on corrosion protection of aluminum prior to the year 2000 can be found in the
literature [1]. The need to develop chromate-free treatments for aluminum is becoming increasingly
important. Many organic and inorganic protective coatings are being investigated by researchers
with the potential advantages and shortcomings [1]. Organic-inorganic conversion coatings are quite
attractive due to the simplicity of their application and possible favorable interaction with organic
layers in hybrid materials, which offer enhanced corrosion resistance and mechanical performance [2].

A variety of phosphonic acids is commonly used to modify the surfaces of metals and their
oxides for their corrosion protection, stabilization as nano-particles, adhesion improvement to organic
layers, hydrophobization, hydrophilization, etc. They are excellent chelating agents and bind very
strongly to metals resulting in different 1D to 3D metal organic frameworks (MOFs), also called metal
phosphonates [3,4]. They form hydrolytically-stable bonds with the metals and provide excellent
coverage compared to many thiols, silanes, and carboxylic acids. A phosphonate corrosion inhibitor
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adsorbs well on the metal surface, reducing its solubility in aqueous media and, thus, decreases
the area of active metal surface and increases the activation energy to hydrolysis. Such phosphonic
acids can be a simple molecule where the phosphonic acid is attached to an alkyl or aromatic group.
Self-assembly of such phosphonic acids on aluminum surface is well studied where the binding
of these molecules to aluminum can be monodentate, bidentate, or tridentate [5–7]. More recently
there is an increased impetus to develop functional phosphonic acids, which can not only bind to
the metal surface but also provide linkage to an organic matrix in multicomponent systems [8,9].
In some cases, phosphonic acid acts as a linker between aluminum and a hydrophobic polymerizable
group (pyrrole) [10] or chemically-stable protective material (graphene oxide) [11]. Such molecules are
applied on the surface of aluminum via dip coatings, spray from aqueous solutions, or are incorporated
in a polymeric matrix (adhesives, glues, or paints) which is then coated on the metal surface. A novel
ultrasonic assisted deposition (USAD) method has also been developed to coat phosphate films on
aluminum [12]. This application procedure is believed to improve the interaction of the phosphonic
acid to the aluminum surface.

Functional phosphonic acids with hydrophobic aliphatic groups or fluorinated groups can increase
the hydrophobicity of the metal surface, thereby acting as barrier to aqueous solutions and improving
its corrosion protection. In some cases the functional groups of phosphonic acids react with organic
layers (adhesives) and provide a stable barrier against aqueous environments.

The following sections first briefly summarize the methods for characterization of phosphonic
acids on aluminum surfaces and several techniques used to evaluate the corrosion behavior, in order
to understand the following chapter, which deals with the application of various types of phosphonic
acids on aluminum, together with their physico-chemical behavior relevant to corrosion protection
and adhesion to organic layers. Thereby, a distinction has been made between the aluminum surface
treatment with phosphonic acids or phosphates as a pre-coating and surface coatings dissolved in
paints that contain phosphonic acids.

2. Characterization of the Phosphonic Acid-Modified Aluminum Surfaces

Self-assembled monolayers (SAM) are ordered molecular assemblies and are commonly used
to modify aluminum surfaces. They are spontaneously formed by the adsorption of molecules
with head groups that show affinity to a specific substrate [13]. Phosphonic acids form SAMs on
aluminum surfaces by condensation reactions of the acid functional group with basic surface-bound
alumino-hydroxyl species. Thereby, the phosphonic acid head group shows a strong affinity to the
aluminum substrate, creating an alumino-phosphonate linkage via a strong Al–O–P chemical bond:

R-PO(OH)2 + Al-OH→R-(OH)OP-O-Al + H2O [5-7].

To investigate a successful formation of the organophosphorus layers, including information
about the properties of the films (surface morphology, structural ordering, density and uniformity,
binding mode to the aluminum substrate, as well as stability), different analytical methods have
been applied in the literature. A detailed characterization of the layers is necessary to understand
their intended function (for instance corrosion protection, adhesion promotion, (non)-wettability,
surface passivation). Table 1 summarizes the various analytical techniques that have been used in
the last 20 years, or so, to study the organization and chemistry of organophosphorus compounds on
an aluminum substrate. Various characterization techniques have been categorized by us into three
groups: Surface morphology; presence, composition, and stability of layers; orientation of molecules
and binding mode to aluminum, and are all briefly explained in the remainder of this section.
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Table 1. Commonly-employed surface characterization techniques.

Characterization Technique Literature

Surface morphology Scanning electron microscopy (SEM) [9,14,15]
Atomic force microscopy (AFM) [8,15]

Presence, composition
and stability of layer

X-ray photoelectron spectroscopy (XPS) [6–8,11,16–21]
Auger electron spectroscopy (AES) [22]

Fourier-transform infrared spectroscopy (FTIR) [8,11,14,16,17,23,24]
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) [6]

Water contact angle measurements (WCA) [5,7,10,16,25,26]

Orientation of molecules
and binding mode to

aluminum

Angle-resolved X-ray photoelectron spectroscopy (ARXPS) [7,10,27,28]
Infrared reflection absorption spectroscopy at grazing angle (IRRAS) [5,12,16,29–33]

X-ray photoelectron spectroscopy (XPS) [20,28,34]
Solid-state 31P nuclear magnetic resonance (NMR) [12,31–33]

2.1. Surface Morphology

Microscopy measurements, i.e., optical microscopy, scanning electron microscopy (SEM)
and atomic force microscopy (AFM), were used to investigate the surface morphology of the
organophosphorus self-assembled monolayers onto the aluminum substrate. Physical characteristics,
like uniformity and homogeneity of the surface phosphatization, were obtained by comparing the
coated with the bare aluminum substrate using SEM [14]. AFM has been used to obtain information
about the surface smoothness [8,15].

2.2. Presence, Composition, and Stability of Layer

A variety of surface sensitive analytical techniques has been used to investigate the presence
of the layer and its composition. X-ray photoelectron spectroscopy (XPS) and Auger electron
spectroscopy (AES) are both methods which determine the elemental composition in the first couple
of nanometers of a surface and, hence, were often applied to verify the presence of phosphorus,
indicating a successful organophosphorus coating chemically-bound to aluminum [6,8,11,16,17,19–22].
As a general preparative step, the samples were usually rinsed/washed after the coating process to
remove the residual chemicals and physically adsorbed organophosphorus compounds. In addition to
the determination of the presence of the organophosphorus coating, XPS was also used to study the
concentration of the organic molecules on the aluminum surface [18]. The experimental phosphorus to
aluminum concentration ratio allowed the quantification of the organophosphorus molecule surface
concentration and modelling of the XPS data helped to determine the thickness of the monolayer [18].
Thereby, the ratio of signals from the coating and from the underlying aluminum substrate was
recorded, from which the coating thickness can be derived. Depth profiling via argon ion sputtering in
combination with XPS was also used to determine the coating thickness (especially for thicker layers).
The comparison between experimental and theoretical values for the carbon-to-phosphorus ratio
was used as proof that chemically-uniform organophosphorus films formed on aluminum [7]. The
recording of characteristic binding energies allowed to follow the individual steps in the decomposition
of the phosphonates on the aluminum surface [20]. Table 2 summarizes XPS binding energies found in
the literature for organophosphorus layers on metal surfaces.

Another analytical technique often used to study the presence and composition of
organophosphorus layers on aluminum is reflectance Fourier-transform infrared spectroscopy
(FTIR), often measured at a grazing angle to increase the surface sensitivity. FTIR was applied to
investigate the adsorption of the coating by detecting specific vibrational modes involving phosphorus
bonds [8,11,14,16,17,23,24]. Table 3 contains a summary of frequencies of vibrational modes involving
the phosphorus atom found in the literature for self-assembled organophosphorus monolayers
on aluminum.
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Table 2. XPS binding energies relevant to phosphonic acids modified aluminum surface.

Assignment Binding Energy (eV) Literature

Al 2p [7,16,20,35,36]

metal 72.3–73.3
Al-oxide, Al-hydroxide 74.2–76.2

Al-phosphonate ~75.5

P 2p [16,34,37]

phosphonates 133.3–134.2

P 2s [20]

P–C, P=O, P–O 192.5–192.7

O 1s [16,28,34,35,38,39]

Al–oxide 530.6–531.1
Al–hydroxide 532.3–532.4

water 534–535
P=O, P–O−, P–O–Metal 531.4–532.1

P–OH, P–OR 532.6–534.3

Table 3. Infrared vibrational modes involving the phosphorus atom for the self-assembled
organophosphorus layer on aluminum.

Assignment Peak Position (cm−1) Literature

P–O sym. stretch 910–960
[5,24,27,30,37]P–O asym. stretch 1000–1040

P=O stretch 1100–1250 [8,11,12,16,24,27,30–32,37]

PO2
− sym. stretch 1000–1070

[37]PO2
− asym. stretch ~1160

PO3
2− sym. stretch 960–1060

[5,8,24,29,37]
PO3

2− asym. stretch 1115–1140
P–OH stretch 2500–2750 [16,27,31]

Time-of-flight secondary ion mass spectrometry (ToF-SIMS), as a complementary technique
to XPS, has also been used to demonstrate the presence of the organophosphorus layer, thereby
investigating selective functionalization on aluminum and glass regions of a surface by mapping
analysis [6]. In addition, surface plasmon resonance spectroscopy (SPR) was applied to examine the
kinetics of the adsorption process [27]. Thereby, it was found that the adsorption process of phosphonic
acids on aluminum starts very quickly and reaches a plateau after some minutes.

Water contact angle (WCA) measurements were used to investigate the hydrophilicity and
hydrophobicity of the surface. A change compared to a reference untreated aluminum surface indicated
the successful formation of an organophosphorus layer. In addition, WCA measurements were also
applied to study the orientation of the molecules (see also below) because in well-ordered monolayers,
the access of the water drop to the aluminum surface is reduced [7]. From the investigation of the
temporal behavior of WCA, information about surface coverage and chain ordering was obtained [5].
Finally, the stability of the adsorbed layers was determined by recording advancing and receding
contact angles by repeated cycling [10,26].

2.3. Orientation of Molecules and Binding Mode to Aluminum

In order to characterize the binding (orientation and mode) of the organophosphorus molecules
to an aluminum surface, mostly three methods have been used in the literature: Infrared reflection
absorption spectroscopy (IRRAS) at grazing angle (often applying polarized infrared radiation), X-ray
photoelectron spectroscopy (XPS) at a fixed electron take-off angle as well as angle-resolved (ARXPS)
and solid-state 31P nuclear magnetic resonance (NMR) spectroscopy.
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The most expected orientation with the phosphonic acid group reacting with the surface hydroxyl
groups of the aluminum substrate and the hydrocarbon tail and/or terminal functional groups on top
was proven by angle-resolved XPS. The carbon (from the tail) to phosphorus (from the head group)
intensity ratio was determined at low and high electron take-off angles, representing two different
information depths [7,10,27,28]. In addition, using infrared reflection absorption spectroscopy (IRRAS)
and comparing the intensities of vibrations polarized perpendicular or parallel to the hydrocarbon
backbone, information about the orientation of the organophosphorus molecule was also obtained [5].

The phosphonic group can bind to the aluminum atom via a direct P–O–Al bond in different
modes, i.e., mono-, bi-, or tridentate, depending on whether one, two or all three oxygen atoms
from the phosphonic group are involved, respectively. It has been found that both the deposition
mode (for instance stirring, sonication), as well as the structure of the phosphonates, play a role [12].
Additionally, the evolution from tridentate to lower binding modes as film formation proceeds (the
increase of coverage can change the chain ordering) was observed in the literature [5]. These behaviors
might explain the variety of binding modes reported in the literature for organophosphorus layers
on aluminum.

Table 3 summarizes the frequencies of infrared vibrational modes found in the literature for
self-assembled organophosphorus layers on aluminum. By observing which vibrational bands are
present and which are not, certain binding modes have been assigned (mostly bidentate [16,29] and
tridentate [12,32,33], and some monodentate [30]). For instance, a missing P–OH stretching mode
together with the presence of PO3

2− stretching modes (deprotonation of the phosphonic acid group)
in the IR spectrum indicates the formation of a bidentate binding. Mixtures of binding modes have
also been found [5,30,31].

As a second technique to investigate the binding mode of organophosphorus molecules to
aluminum, X-ray photoelectron spectroscopy (XPS) was used. Table 2 summarizes the XPS binding
energies found in the literature for self-assembled organophosphorus layers on aluminum. As can
be seen from Table 2, due to overlapping bands, neither the aluminum nor the phosphorus signal
allows to clearly differentiate between various binding modes of phosphorus to aluminum. It has to
be noted that a trend in the experimental binding energy to increase for the structure [POn(OR)m]y− is
observed as the ratio of n:m of “free” O ligands (n) to covalently bound OR ligands (m) is stepwise
changed from 4:0 to 3:1 to 2:2 and to 1:3. Therefore, also the XPS phosphorus binding energy has
been used to assign the binding mode (i.e., mono-, bi-, or tridentate) [34]. However, a final conclusion
cannot be drawn just from the P 2p signal and further experimental evidence is needed. The O 1s
signal is of particular interest regarding the assessment of the type of bond between organophosphorus
and the aluminum substrate. As the binding energy for P=O and P–O–Metal is different from the
one for P–OH and P–OR (see Table 2), the ratio of the intensities at these two binding energies was
used to determine the binding mode. In agreement with other studies using IR (see above), a mixed
monodentate and bidentate mode was found [34]. As a third method, the linewidth and shifts of
peaks in 31P NMR spectra have been used to study the bonds between the aluminum and the oxygen
atoms of the organophosphorus molecule and to assign a specific binding mode by comparison with
literature data [12,31].

3. Corrosion Evaluation Methods

The corrosion resistance of the coated aluminum surface is evaluated mainly by four different
ways: Electrochemical measurements, conventional measurements, spectral analysis and surface
analysis, and are briefly summarized in Table 4. In most cases treated aluminum substrates are coated
with an epoxy layer to study its adhesion and corrosion performance. The corrosion resistance of
aluminum substrates is highly related to the microstructure, chemical composition, electrochemical
behavior of the coating, and to the interface between coating/metal. Therefore, the measurements
mentioned in Table 4 are mostly comprehensive and are used to gather more information in order to
analyze the corrosion behavior from different perspectives.
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Table 4. Common methods for corrosion measurements.

Measurements Examples Literature

Electrochemical
measurements

Electrochemical noise method (ENM) [22]
Potentiodynamic polarization measurements

[14,15,17,22,30,40,41]Electrochemical impedance spectroscopy (EIS)

Localized electrochemical
techniques

Scanning Kelvin Probe (SKP) and Scanning
Vibrating Electrode Technique (SVET) [42]

Conventional
measurements

Immersion test [14,23,41]
Salt spray test [8,27]

Weight loss treatment [43]

Spectral analysis Infrared spectroscopy (IR) [12]

Wettability Contact angle measurements [10,19]

3.1. Electrochemical Measurements

Electrochemical changes occurring during the coating failure can be detected via an electrical
signal which could provide information of metal corrosion and coating property alterations.
Quantitative and semi-quantitative evaluation of coatings could be achieved by electrochemical
measurements, such as EIS, ENM, and hydrogen permeation current method.

3.1.1. Electrochemical Impedance Spectroscopy (EIS)

EIS is a non-destructive measurement, which can provide time dependent surface information
in a corrosive medium. A small amplitude sinusoidal alternating signal was added in the
coating/primer/metal system. Through analyzing the impedance spectrum and the admittance
spectrum, an equivalent circuit model, shown in Figure 1, was built to evaluate electrochemical
information of the coating system. During the electrolyte penetration through the coating, Ccoat

increases and Rcoat decreases. It is confirmed that a surface with an impedance at the low frequency
below 107 Ω·cm2 is considered a poor protective barrier [44].

EIS is a nondestructive method and provides fast detection and comprehensive information on
coating corrosive behavior. The G106-89 standard has been developed for EIS measurement. However,
EIS only provides general information on corrosion behavior of the surface, which means it cannot
help understand the mechanism of the corrosion start point [45].

Figure 1. An equivalent circuit model for epoxy coated aluminum. Roxide is the resistance of
oxide aluminum layer, Coxide is the capacitance of oxide aluminum layer, Rcoat is the resistance
of the coating, and Ccoat is the capacitance of the coating. (Reproduced from [41] with permission;
Copyright 2004 Elsevier).

3.1.2. Electrochemical Noise Method (ENM)

Electrochemical noise can be described as naturally-occurring fluctuations in potential and current
around a mean value in the electrochemical cell [46]. The parameters voltage noise (σv) and current

38



Coatings 2017, 7, 133

noise (σi) can be derived from the fluctuations. The noise resistance Rn, which can be calculated by the
Ohms Law, is used to evaluate the corrosion resistance (see Equation (1)):

Rn =
σv

σi
(1)

The higher the value of Rn is, the better the corrosion resistance of the coating [22]. When the
value of noise resistance Rn is less than 106 Ω·cm2, the coating shows poor corrosion resistance. When
Rn is more than 108 Ω·cm2, the coating exhibits good corrosion protection. The value between 106 and
108 Ω·cm2 indicates an intermediate level of corrosion resistance [47].

ENM is an electrically non-intrusive sensitive method, which requires only a few minutes for
a single measurement [48]. Recently, it has become the main measurement method for determining
the metal corrosion rate, the localized corrosion process, and is widely used in industry for
corrosion detection.

3.1.3. Potentiodynamic Polarization Measurements

Potentiodynamic anodic polarization can characterize the metal corrosion behavior by its current
potential relationship. It can be used to determine the function and the type of inhibitor. The sample
potential is scanned slowly in the positive direction, which means it forms an oxide coating during
the test. The passivation tendencies and inhibitors influence can be easily studied by this method.
Meanwhile, the corrosion behavior of different coatings or metals can be compared on a rational
basis, and it can be used as a pretest to give a suitable corrosive condition range for further long-term
measurements. The general corrosion behavior of coated substrates can be evaluated by the corrosion
potential Ecorr. Specifically, the more positive Ecorr and the lower the current values, the better the
corrosion resistance [22].

3.1.4. Localized Electrochemical Techniques

For many corrosion phenomena, high resolution instead of average data about the behavior of
an electrochemically-active surface is required (for instance to differentiate small local anodes and
cathodes on a metal surface) [42]. A scanning Kelvin probe (SKP), as a non-contact and non-destructive
method, allows measuring and mapping the local potential and current difference on the microscale.
The scanning vibrating electrode technique (SVET) enables to spatially characterize corrosion activity
by measuring the potential gradients in the electrolyte due the presence of anodic and cathodic areas
on a metal surface. These localized techniques find applications in different corrosion investigations
like effect of microstructure and finish on corrosion initiation, localized corrosion phenomena, and
detection of electrochemically-active pin-hole defects in coatings.

3.2. Conventional Measurements

Conventional corrosion measurement methods are inexpensive and easy to perform. Different
national and international standards have been developed which include immersion, salt spray, damp
heat, gas corrosion, and filiform corrosion tests. They are commonly used in industry. However, they
are not suitable for the corrosion kinetics study or the corrosion mechanism study as they provide
qualitative results, usually involving long test cycles and poor repeatability.

3.2.1. Immersion Test

The coated substrates are directly immersed in the corrosive medium. After a certain exposure to
corrosion medium, the damage or corrosion of the coating is observed to evaluate corrosion resistance.
The immersion tests are widely used for different coatings in different corrosion media. The common
immersion tests are water resistance test, salt water resistance test, acid resistance test, and various
organic solvent resistance tests. One can find numerous national immersion tests specific to a country.
Some international ASTM standards for immersion tests are B895-05, G44, and G110.
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3.2.2. Salt Spray Test

The salt spray test is the most classic and widely-used method to evaluate the corrosion resistance
of coatings. The first international salt spray standard, ASTM B117, was recognized in 1939. The coated
substrates are scratched first and then the test is carried out in a closed test chamber, where salt water
(5% NaCl solution, pH 6.5–7.2) is sprayed using pressurized air at 35 ± 2 ◦C. Later standards include
ISO9227, JIS Z 2371, and ASTM G85. To modify the corrosion condition, acetic acid-salt spray (ASS),
copper-accelerated acetic acid-salt spray (CASS), prohesion cycle test as well as various modified
versions were established.

3.3. Spectral Analysis

The decomposition of a polymer in the coating is one of the main reason that causes coating failures
and metal corrosion, which would lead to further deposition. The chemical changes of the polymer
and the inorganic corrosion products can be quantitatively detected by, for example, FTIR, infrared
microscopy, or laser Raman spectroscopy (LRS). They can be used to study the corrosion performance
and corrosion mechanism because of the highly-precise positioning and quantification [45]. The detail
about spectral analysis has been described in Sections 2.2 and 2.3.

3.4. Surface Analysis

The various properties of the coating are highly related to its microstructure, chemical composition,
and its bonding condition at the interface of coating/metal. The surface changes during the corrosion
process were characterized using the same analytical methods as already described in Section 2.1.

4. Aluminum Surface Treatments with Phosphonic Acids

The following sections describe the various types of phosphonic acids and some phosphates which
have been used to modify the surface of aluminum with the main objective to improve its corrosion
protection and/or adhesion promotion to organic layers. A list of phosphonic acids commonly used to
improve corrosion protection of aluminum is shown in Table 5. Some of these phosphonic acids have
simple structures (PPA or MSAP), others are more functional phosphonic acids with terminal groups
like vinyl (VPA), amino (APP), and pyrrol (Cn-Ph-P).

Table 5. Chemical name, structure, and abbreviation of organophosphonic acids.

Chemical Name Structure Abbreviation Literature

Phenylphosphonic acid PPA [14,22]

Vinylphosphonic acid VPA [49]

1,12-dodecyldiphosphonic acid DDP [8]

Amino trimethylene phosphonic acid ATMP [15]
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Table 5. Cont.

Chemical Name Structure Abbreviation Literature

Ethylenediamine tetra methylene
phosphonic acid EDTPO [17,30,40]

1,2-diaminoethanetetrakis-
methylenephosphonic acid DETAPO [23]

Monostearyl acid phosphate MSAP [12]

Phosphoric acid
mono-(12-hydroxy-dodecyl) ester – [41]

(12-ethylamino-dodecyl)-
phosphonic acid – [27]

Aminopropyl phosphonate APP [9,11]

ω-(3-phenylpyrrol-1-ylalkyl)
phosphonic acid Cn-Ph-P [10]

ω-(2,5-Dithienylpyrrol-1-yl-alky)
phosphonic acid SNS-n-P [10]

2-(Phosphonooxy) benzoic acid Fosfosal [14]

Phosphonosuccinic acid PPSA [14]

(1H,1H,
2H,2H-heptadecafluorodec-1-yl)

phosphonic acid
HDF-PA [19]
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Table 5. Cont.

Chemical Name Structure Abbreviation Literature

Fluoro alkyl phosphates Zonyl UR [12]

Rx PO(OH)y
R = CF3(CF2CF2)z(CH2CH2O)
x = 1, 2 or 3, x + y = 3, z = 1 to 7

Poly (vinyl phosphonic acid) PvPA [24]

4.1. Phosphonic Acids Used as Pre-Coating

4.1.1. Phenylphosphonic Acid (PPA)

In an earlier work, it was found that a hydrophobic sol-gel film can provide good corrosion
resistance to aluminum [50]. Subsequently, the same researchers incorporated organic phenyl
phosphonic acid as an anion in a hydrophobic sol-gel film to further enhance the protection of
aluminum against pitting corrosion. It was expected that such combinations of phosphonic acid and
sol-gel coatings would be beneficial in corrosion protection. Various sol-gel coatings with two different
anions were coated on the aluminum substrate. The formulations of such coatings used in this research
are shown in Table 6.

Table 6. Various formulations of sol-gel coatings.

Sol-Gel
Chemistry

PTMOS PTMOS
PTMOS +

TMA
PTMOS TEOS TEOS

TEOS +
TMA

Anion – PPA PPA TBPA – PPA PPA

Phenyltrimethoxysilane (PTMOS), tetraethyl orthosilicate (TEOS), N-trimethoxysilylpropyl-N,N,N-trimethyl
ammonium chloride (TMA), tert-butylphosphonic acid (TBPA).

Aluminum rods embedded in a Teflon sheath (99.999%) and aluminum plates (5050-H24) were
used as substrates and coated using various sol-gel formulations (Table 6) via dip-coating. The substrates
were then submerged in 100 ppm NaCl solution at 25 ◦C for 20 min and subjected to ENM to study the
initiation and propagation of corrosion at the interface of aluminum plates and coating. It is considered
that the higher the value of Rn, the better the corrosion resistance of the coating. The results showed
that PTMOS + PPA sol-gel coatings exhibited the best protection (Rn = 6.0 kΩ) compared to uncoated
aluminum (Rn = 1.5 kΩ) and PTMOS coatings (Rn = 4.0 kΩ).

In potentiodynamic polarization measurements, aluminum in the form of rods was used. These
rods were exposed to 100 ppm NaCl solution for 30 min before the measurements. For these
measurements, as mentioned before, the more positive Ecorr and the lower the current values, the
better the corrosion resistance. PTMOS + PPA showed the highest Ecorr value and a low current.
In contrast, the TEOS-based film showed a negative Ecorr value, which indicated the poor corrosion
resistance. Even addition of TMA in TEOS film accelerated the corrosion process. Potentiodynamic
polarization measurements of samples for electrodeposition process showed slight enhancement of
corrosion inhibition. Elemental analysis was used to detected phosphorus (due to PPA) in the films.
For PTMOS based film, phosphorus was detected and it was hypothesized that the anion of PPA and
phenyl group of PTMOS tends to form stable π-interactions in the sol-gel system [22].
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4.1.2. Vinylphosphonic Acid (VPA)

Cooling of an aluminum alloy plate heat exchanger by seawater needs superior corrosion
resistance. Trifluoroethylene polymers were preferred to form a fluorocarbon resin coating on
aluminum alloy because of high adhesion to the organic phosphonic acid primer coating and high
corrosion resistance. Vinylphosphonic acid (VPA) was used as the organic phosphonic acid primer
because of its handle and its superior adhesion effect. The aluminum alloy (3003) was first anodically
oxidized and then immersed in VPA aqueous solution (10 g/L) at 65 ◦C for 10 s or 120 s, followed
by fluorocarbon resin coating and dried at 50 ◦C for 24 h. For the corrosion test, one hundred 1 mm2

cross-cuts were formed on the coating, and a tape was attached on it and then peeled by the method
specified in JIS K 5600-5-6. For samples with coatings without an organic phosphonic acid primer, all
hundred cross-cuts of the coating were peeled off (0/100) upon tape peeling. However, for the coating
with VPA (10 s or 120 s), all 100 cross-cuts remained unpeeled (100/100), which indicated an excellent
anti-corrosion property [49].

4.1.3. 1,12-Dodecyldiphosphonic Acid (DDP)

Self-assembled monolayers (SAMs) consisting of zirconium phosphate and their derivatives were
used as the substitute to chromating on aluminum for ecological reasons [8]. Aluminum alloy (1100)
was pretreated with 0.4 vol % of 3-aminopropyltriethoxysilane (APTES) in toluene by chemical vapor
deposition. APTES is believed to prevent the formation of defects and provide protection against the
harsh subsequent phosphonation treatment (pH ≤ 2). Subsequently, the substrate was immersed in
0.2 mol POCl3 and γ-collidine of acetonitrile solution. After ultrasonically rinsing with acetonitrile, the
substrate was dipped in 5 mmol/dm3 zirconyl chloride ZrCl2·8H2O of ethyl alcohol-aqueous solution
to form a zirconium phosphate (ZrP) layer. Ultimately the substrate was suspended in 2 mmol/dm3

DDP of acetone-aqueous solution to form the three layered Zr-DDP coating as shown in Scheme 1.

Scheme 1. Multilayer zirconium phosphate treatment consisting of DDP. (Reproduced from [8] with
permission; Copyright 2003 Elsevier).

The Zr-DDP multi-layers film was tested for corrosion resistance by exposure to 5 wt % NaCl
solution at 308 K for 48 h in the salt-spray test. The corrosion rate of multi-layer Zr-DDP coating is 0%
(indicating no corrosion at all) and showed superior anti-corrosion properties compared to APTES
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coating (100%), POCl3 coating (80%), and conventional ZrP coating (100%). After a 72 h salt spray test,
Zr-DDP films were corroded with a corrosion rate of 60% whereas the other treatments showed 100%
corrosion rate. The authors concluded that Zr-DDP films constructed by SAMs are promising surface
finishing treatments to replace the conventional phosphating or chromating treatments [8].

4.1.4. Amino Trimethylene Phosphonic Acid (ATMP)

ATMP is known to have anti-scale performance due to its excellent chelating ability, and a low
threshold inhibition and lattice distortion process. ATMP was used as an inhibitor to improve the
anti-corrosion properties of aluminum alloy (AA2024-T3) [15]. The deposition bath was made by
mixing ATMP in distilled water, tetraethylorthosilicate (TEOS), and ethanol in a 6:4:90 (v/v/v) ratio.
In this work, the effect of three different pretreatments (acetic acid, acetic acid-NaOH, NaOH) and
ATMP concentration on the corrosion protection were studied. SEM and energy-dispersive X-ray
spectroscopy (EDS) analysis of the treated aluminum surface confirmed that acetic acid pretreatment
of the aluminum surface was the most efficient pretreatment. The authors assumed that acetic acid
pretreatment increased surface area of the alloy matrix, which led to more formation of favorable
metalosiloxane and metal-phosphonic bonds to the surface.

Three different ATMP concentrations of deposition baths were investigated. The corrosion
behavior of the treated aluminum was tested against 0.05 M NaCl solution for 48 h. EIS was used to
assess the corrosion resistance, as mentioned in Section 3.1.1. High RHF (the resistance of the high
frequency related to the coating layer) value and low CPEHF (the capacitance of the high frequency
related to the coating layer) value indicated higher corrosion resistance. Results of the TEOS coating
containing ATMP (5.00 × 10−4 M) showed RHF (kOhm·cm2): 81.4, CPEHF (μF·cm−2·sn−1): 16.2,
whereas increasing or decreasing the ATMP concentration had an adverse effect on corrosion protection.
In contrast, TEOS coating without ATMP resulted in RHF (kOhm·cm2): 5.06, CPEHF (μF·cm−2·sn−1):
160.5, indicating no corrosion resistance at all. The authors believe that the corrosion protection was
caused by the strong chemical bonding of phosphonic groups to the aluminum substrate [15].

4.1.5. Ethylenediamine Tetra Methylene Phosphonic Acid (EDTPO)

Modification of aluminum alloy (AA2024) with a well-known anticorrosive epoxy-polyamide
paint in combination with vinyltrimethoxysilane (VTMS)/tetraethylorthosilicate (TEOS) nanocoating
was used to improve its corrosion resistance and adhesion to organic layers. EDTPO, as a catalyst,
was incorporated into VTMS/TEOS to form a sol-gel coating on the substrate surface and is believed
to improve the formation of Al–O–P bonds which is beneficial for anticorrosive properties [17]. The
concentration of EDTPO in the sol-gel deposition solution was 3.75 × 10−5 mol·L−1. EIS measurement
was carried out in 3.5% NaCl aqueous solution. Substrates coated with epoxy and sol-gel film with or
without EDTPO showed good corrosion resistance: The EIS results remained constant at 109.5 Ω·cm−2

up to 300 days, which indicated an excellent corrosion resistance. Whereas the values for the epoxy
coating without sol-gel film started to decrease after 160 days and 300 days later, coating resistance
was only 107.9 Ω·cm2. A cyclic accelerated corrosion test in 3.5% NaCl solution for 60 days was
evaluated by ASTM D-1654. The results showed that the failure area of the coating with EDTPO
was 0.8%, which indicates an excellent corrosion resistance compared to the coating without EDTPO
(1.3%) or the coating without any sol-gel primer (32%). After accelerated corrosion, the pull-off
test (UNE-EN-ISO 4624) showed that the adhesion reduction for the coating with EDTPO to be 0%.
However, the adhesion of coating without EDTPO showed a reduction of 15%, and the adhesion of the
coating without any sol-gel primer reduced to 40%. It was concluded that the EDTPO-modified silane
coating (VTMS/TEOS) has excellent adhesion and anti-corrosion properties because of its barrier
properties [17].

In a similar work, two different concentrations of EDTPO (3.75 × 10−5 and 3.75 × 10−4 mol·L−1)
were incorporated in TEOS to form sol-gel deposition solutions, which are named TEOS/EDTPO
10−5 and TEOS/EDTPO 10−4, respectively. Aluminum alloy (AA2024-T3) panels were immersed in
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these formulations to form an anti-corrosion film. As mentioned in Section 3.1.1, a high RHF value and
low CPEHF value indicates a corrosion resistance. After seven days of soaking in the 0.05 mol·L−1

NaCl solution at 25 ◦C, EIS test results of TEOS/EDTPO 10−4 was RHF (Ω·cm2): 248.3, CPEHF

(μF·cm−2·sn−1): 1.74 and for TEOS/EDTPO 10−5 it was RHF (Ω·cm2): 177.4, CPEHF (μF·cm−2·sn−1):
15.8. Thus, it was clear that TEOS/EDTPO 10−4 could provide a better corrosion resistance. The
substrate coated with TEOS/EDTPO 10−4 was further investigated by soaking it in 0.05 mol·L−1 NaCl
solution at 70 ◦C with various immersion times. After a 24 h exposure, the impedance modulus is lower
than the measurements for 25 ◦C. Nevertheless, the corrosion resistance of the EDTPO containing
coatings was still approximately six times higher than for TEOS-only coatings. In this work, it was
also confirmed that EDTPO enhanced the corrosion resistance of the sol-gel coating even at a higher
temperature [30].

In a separate work done by the same authors, the corrosion behavior of EDTPO and ATMP
was compared in TEOS sol-gel coating on the aluminum alloy (AA1100) surface. Substrates were
dip-coated in two different solutions: 3.75 × 10−4 mol·L−1 EDTPO in TEOS ethanol solution and
5.00 × 10−4 mol·L−1 ATMP in TEOS ethanol solution. EIS was used to evaluate the corrosion of coated
substrates in a 0.05 mol·L−1 NaCl solution for seven days. The corrosion resistance of TEOS/EDTPO
was RHF (Ω·cm2): 141.0, CPEHF (μF·cm−2·sn−1): 2.45. For TEOS/ATMP it was RHF (Ω·cm2): 113.7,
CPEHF (μF·cm−2·sn−1): 1.65. It was concluded that both EDTPO and ATMP could provide considerable
corrosion protection for AA1100. However, the corrosion resistance of EDTPO-containing coatings
was higher than for ATMP-containing coatings [40].

4.1.6. 1,2-Diaminoethanetetrakis-Methylenephosphonic Acid (DETAPO)

The adhesion and corrosion performance of silane sol-gel film coating on aluminum has been
reported. Especially ATMP and EDTPO, as the phosphonic catalysts in a sol-gel system, have been
well studied for the protection against corrosion [15,17,30,40]. Phosphonic derivative DETAPO, which
has a similar structure has also been tested because of higher concentration of O=P–OH group in
its structure compared to ATMP and EDTPO [23]. In this work, aluminum alloy (AA2024-T3) was
coated with VTMS/TEOS sol-gel film containing DETAPO and the epoxy-polyamide resin. A cyclic
accelerated corrosion test in 3.5% NaCl for 45 days was performed according to the ASTM D1654
method. The results showed that the failure area of DETAPO modified coating was around 10–11%,
compared to the 35% failure area for the epoxy coating without any silane film. Pull-off tests after
accelerated corrosion showed that adhesion reduction of DETAPO-modified silane coating was around
62.5–52.9%, on the other hand, the coating without any silane film reduced to 34.7% adhesion. It was
clear that the DETAPO-modified coating can provide an outstanding corrosion resistance for aluminum
surface [23].

4.1.7. (12-Ethylamino-Dodecyl)-Phosphonic Acid

Self-assembled monolayers (SAMs) were used to form thin organic adhesion promoter layers to
replace the chromating process on aluminum. (12-ethylamino-dodecyl)-phosphonic acid was chosen as
a model functional organic phosphonic acid in this work because of its phosphonic acid anchor group
which acts as a reactive group for the aluminum surface, its aliphatic part acting as a hydrophobic
spacer, and its amino head group serving as a reactive group to organic material [27]. The aluminum
alloy (AlMg) was dip-coated in the 10−3 M (12-ethylamino-dodecyl)-phosphonic acid solution of
ethanol/water (3:1 vol %). The surface analysis by FTIR and surface plasmon resonance spectroscopy
(SPR) confirmed that organophosphonic acid could spontaneously adsorb on the aluminum surface
and subsequently form oriented layers. The adhesion promotion and corrosion resistance of the
aluminum surface were confirmed by the acetic acid salt spray-test (ASS-test, DIN 50021) and filiform
test (DIN 50024). Coated panels were scratched and exposed in a climate chamber of NaCl solution
and acetic acid. After 1200 h exposure, the infiltrations for the amino phosphonic acid coating was
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less than 1 mm, which indicates excellent corrosion resistance compared to 8 mm infiltration for the
uncoated substrate [27].

4.1.8. Aminopropyl Phosphonate (APP)

To replace harmful chromate conversion layers, environmentally-friendly aminopropyl
phosphonate (APP), aminopropyl silane (APS), and hexamethyldisiloxane (HMDSO) were used
to coat aluminum alloy (6016) [9]. As known, filiform corrosion (FFC) usually occurs at the interface of
a polymer and an aluminum alloy. Hence, the corrosion resistance and adhesion promotion of these
coatings were studied to find a suitable pretreatment for automotive applications. The influence of the
rolling direction on filiform corrosion was also investigated. Substrates were dipped in 1 mmol APP
solution with pH 7 for 1 h followed by an epoxy coating. APS was coated on substrates with the same
dip-coating method and, for HMDSO, a plasma coating technique was used. Before the corrosion
test, substrates were scribed perpendicularly or parallel to the rolling direction. The corrosion test
was carried out by soaking scratched substrates in a vessel with concentrated HCl vapor for 20 min.
FFC was evaluated based on filament initiating time and the number of filaments observed in the
digital microscope. From visual observation, it could be confirmed that filaments grew predominantly
along the rolling direction, which indicated that the rolling direction had an influence on the interfacial
bonding. The FFC severities were as follows: APS > etching > APP > HMDSO plasma. The adhesion
of the epoxy adhesive to the substrate was analyzed by a peeling test, and the results follow a trend for
different coatings: HMDSO plasma > APS > APP > etching. It was concluded that the adhesion of
the coating had a great influence on filament morphology and further on filament propagation, but
an increase in adhesion of the coating was not a guarantee of resistance to FFC [9].

The corrosion performance of aluminum powder was enhanced by a novel functionalization
with graphene oxide (GO) with phosphonic acid as a linker [11]. APP was used as the “link” agent
to connect graphene oxide (GO) with aluminum powder. APP was added in a suspension of GO
and deionized water. After stirring, refluxing, dialyzing, and drying, GO-APP was added in the
aluminum powder suspension to form the oxide modified aluminum powder (GO-Al). Corrosion
performance was tested in dilute hydrochloric acid. Since corrosion of aluminum generated hydrogen,
corrosion behavior could be evaluated by detecting the amount and the yield time of hydrogen gas.
The results showed that for the Al/HCl system, the hydrogen was detected after 100 min. However,
in the GO-Al/HCl system, hydrogen was detected only after 140 min, which confirms enhanced the
anti-corrosive performance of GO-Al. Through XPS, FTIR, field emission scanning electron microscopy
(FE-SEM), and EDS, it could be confirmed that the flaky aluminum particle was successfully covalently
bonded and covered by GO. In conclusion, GO as a barrier coating was well connected with epoxy
through APP [11].

4.1.9. ω-(3-Phenylpyrrol-1-ylalkyl) Phosphonic Acid (Cn-Ph-P)

Cn-Ph-P was used to build SAMs on the aluminum surface (Al/Al2O3 chemical vapor deposition
on polished, p-doped Si wafers) because its phosphonic acid group could anchor to the aluminum
surface and its pyrrole group could be used to achieve an in situ surface polymerization with further
monomers [10]. The substrates were immersed in a Cn-Ph-P solution for different time intervals (5 min,
1 h, and 24 h) to form SAMs on the surface. After that, the pyrrole monomer was polymerized with
the free terminal pyrrole group of the SAM by oxidants, like sodium or ammonium peroxidisulphate,
followed by the growth of polypyrrole (PPY) on the surface. The contact angle was used to evaluate
the adsorption behavior. It was inferred that a more hydrophobic surface (higher contact angles) was
caused by phosphonic acid group reacting with surface and the terminal polymerizable group present
on top of it. The surface contact angle rose up after adsorption of CnPhP, which indicated that CnPhP
was oriented on the surface. The contact angles of C12PhP were slightly higher than C10PhP because
of the stronger van der Waals interaction between the alkyl chains. C12PhP showed excellent stability
after eight repeated cycling using the Wilhelmy method [10].
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4.1.10. ω-(2,5-Dithienylpyrrol-1-yl-alkyl) Phosphonic Acid (SNS-n-P)

SNS-n-P as a model functional phosphonic acid was used to study the influence of varying alkyl
chain length (SNS10P, SNS4P) to the adsorption on the aluminum surface (Al/Al2O3 chemical vapor
deposition on polished, p-doped Si wafers). The contact angle of SNS10P coated surface did not change
after ten repeated cycles by the Wilhelmy method, which indicated that SNS10P had a very stable bond
to the surface. However, the contact angle of SNS4P coating decreased significantly with the increasing
number of repeated cycles. Thus, this comparison of analogue structures SNS10P and SNS4P showed
that the alkyl chain length of the structures influences the bonding at the surface [10].

4.1.11. (1H,1H, 2H,2H-Heptadecafluorodec-1-yl) Phosphonic Acid (HDF-PA)

Trichlorosilane or metal-ligand coordination has mostly been used to engineer surface wetting
properties on metals. However, they were highly moisture sensitive due to hydrolysis and
self-condensation of silanes [51–53]. Therefore, HDF-PA was employed to coat different self-assembled
monolayers (SAMs) on metal oxide surfaces because phosphonic acid-functionalized molecules
were stable in water, and built a stable metal–ligand coordination and hetero-condensation between
phosphonate and substrate surfaces. Substrates with a 30 nm thick Al2O3 film were dip-coated in
2 mM HDF-PA isopropyl alcohol for 1 h. After the water flow test, changes in surface contact angle
were analyzed to evaluate the reliability of the chemical bond between SAMs and substrate surface.
(Heptadecafluoro-1,1,2,2-tetrahydrodecyl) trichlorosilane (HDF-S) was also studied as a comparison.
The bare Al2O3 films showed contact angle values of 70.0◦ ± 1.5◦, the contact angles of HDF-PA
and HDF-S-coated Al2O3 films were enhanced to 99.9◦ ± 1.0◦ and 102.7◦ ± 2.4◦. After exposing the
surface to 5 L of water droplets, contact angles of HDF-S coating remained around 102.7◦, whereas
the contact angles of HDF-PA coating reduced from 99.9◦ to 69.3◦. The results showed that HDF-S
formed a more stable bond than HDF-PA, which may be due to the cross-linked siloxane network on
the surface. A low-temperature (<150 ◦C) thermal annealing process was used to improve the HDF-PA
bond formation. The results showed that after the water flow test, contact angles for 100 ◦C and 150 ◦C
annealed substrates were stable at around 101 ◦C. Therefore, the durability of HDF-PA coatings could
be improved by an additional thermal annealing process at 100–150 ◦C [19].

4.1.12. Poly (Vinyl Phosphonic Acid) (PvPA)

PvPA was coated as a thin polymeric interfacial layer on aluminum alloy (AA 1050) surface
by dip-coating and compared to the poly (acrylic acid) (PAA), poly (ethylene-alt-maleic anhydride)
(PEMah) coated aluminum surface. After that, an epoxy (Resolution Epikote 1001) adhesive was
coated on the modified substrate. The PvPA-based system showed poor adhesion performance in the
pull-off test compared to PEMah, because PvPA forms a weakly-cured epoxy/polymer interphase [24].

4.2. Phosphates Used as Pre-Coating

4.2.1. Monostearyl Acid Phosphate (MSAP)

A novel ultrasonic assisted deposition (USAD) method was used to coat phosphate films on
aluminum and compared with films formed by mild mechanical stirring [12]. MSAP was used in this
study and its impact on the adsorption behavior of these films was evaluated. Simultaneously, the
corrosion resistance and adhesion properties of the coatings were studied as well. Infrared spectroscopy
(IR) and NMR were used to analyze the stability of the MSAP film, after soaking the substrates for 5 h
at 100 ◦C in a reflux distillation column containing water and steam. It was observed in NMR spectra
that the USAD substrates had resolved peaks at −7 and −14 ppm, whereas the chemical shift of the
stirring coated substrates occurred at 0 ppm. Based on the previous NMR studies for alkylphosphate
films on metal oxide surfaces [54–58], it was confirmed that the peaks at −7 and −14 ppm meant
bidentate and tridentate interactions between the aluminum oxide surface and the phosphate. It was
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concluded that the USAD treatment favored tridentate interaction between MSAP and aluminum
oxide [12].

4.2.2. Phosphoric Acid Mono-(12-Hydroxy-Dodecyl) Ester

From earlier studies, it was clear that cooperated pretreatments of phosphoric acid anodic
oxidation (PAA) and an adhesion promoter (AP) (phosphoric acid mono alkyl ester) could enhance
the adhesion and durability of the aluminum/epoxy bonding and thus could be considered as
an alternative to the chromium-based pretreatment for aluminum [59]. In a more recent work,
aluminum substrates were first anodized in a phosphoric acid solution to create PAA. Then the PPA
substrates were dip-coated in 10−3 M aqueous solution of phosphoric acid mono-(12-hydroxy-dodecyl)
ester for 5 min at room temperature [41]. EIS and the floating roller peel test were used to study the
corrosion performance of PAA and PAA/AP systems. After 48 h soaking in 3% NaCl solution at 80 ◦C,
the EIS results showed that the PAA and PAA/AP pretreated surfaces had a strong influence on the
crosslinking of the epoxy at the interphase. For the floating roller peel test, one rigid and one flexible
coated substrate was first bonded with Delo-Duopox 1891 adhesive. The joints were then corroded
according to accelerated method VDA 621-415. The peel test was performed based on DIN EN 1464.
The results indicated that after aging, PAA/AP treated substrates showed higher peel strength (around
3.3 N/mm) than PAA treated substrates (around 2.8 N/mm). It was confirmed that AP could enhance
the cross-linking of the epoxy coat. The authors suggested that the AP layer was well-ordered on the
surface and the strong bonding of the phosphoric acid anchor group to PAA led to the good adhesion
and corrosion resistance [41].

4.2.3. Fluoro Alkyl Phosphates (Zonyl UR)

Zonyl UR was deposited on aluminum plate and aluminum oxide powder as a corrosion inhibitor
and adhesion promoter. Two different deposition methods were compared: The ultrasonic assisted
deposition (USAD) or magnetic stirring. Environmental stability of the coating was observed in a reflux
distillation column (100 ◦C). For aluminum plate, the change in IR spectra was used to evaluate the
stability of the coatings, which showed that after 5 h refluxing, barely any changes occurred to the
USAD-coated surface. In contrast, clear evidence of corrosion was observed for stirring deposition.
For aluminum powder, IR spectra of stirring deposition exhibited broad features, which did not exist in
USAD. Solid state nuclear magnetic resonance (NMR) was used to study the interactions between the
phosphate group and the aluminum oxide powder. The results confirmed that USAD could provide
a more homogeneous film with mostly tridentate interaction and low coverage of mono- and bidentate
interaction [12].

4.3. Coatings Dissolved in Paints that Contain Phosphonic Acids or Phosphates

4.3.1. Phenylphosphonic Acid (PPA)

PPA has been used as a self-phosphating agent and an acid catalyst in the formulation of
a polyester-melamine coating for aluminum surface [14]. In this work, a chrome-free single-step
in situ phosphatizing coating (ISPC) was used on aluminum alloy (3003 or 3105). This work is based
on a patent published earlier, where for an ISPC, an optimum amount of an in situ phosphatizing
reagent (ISPR) or a mixture of ISPRs is predisposed in the paint system to form a stable and compatible
coating formulation [60]. It is believed that when a chrome-free single-step coating of the in situ
self-phosphating paint is applied to a bare metal substrate, the phosphatizing reagent chemically
and/or physically reacts in situ with the metal surface to produce a metal phosphate layer and
simultaneously forms covalent P–O–C (phosphorus-oxygen-carbon) linkages with the polymer resin.
Such linkages enhance the adhesion of the coating and suppress substrate corrosion. It was assumed
that PPA could also provide phosphate formation on the metal surface in the in-situ phosphatizing
treatment [14]. The aluminum panels were spray coated with polyester-melamine paint containing
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1 wt % PPA and other formulations containing commercially available acid sources (phosphonosuccinic
acid, para toluene sulphonic acid). Coated substrates were analyzed for corrosion behavior using
EIS measurements, saltwater immersion, and pencil hardness tests. The paint on cured panels was
removed by a razor and analyzed for the glass transition temperature (Tg) using differential scanning
calorimetry (DSC). A higher Tg correlates with a coating with a higher cross-linking density in the
polymer. Tg of 1 wt % PPA paint formulation was 22 ◦C. After the paint was exposed to 300 ◦C, Tg

increased to 65 ◦C indicating an increase in the crosslinking density of the polymer. For formulations
containing para toluene sulphonic acid (commercial solution), the crosslinking density dropped as
the Tg dropped after severe heating. This resulted from the possible cleavage of polyester-melamine
cross-links in favor of the melamine self-condensation in the paint films [61].

After immersion of the coated substrate in 3% NaCl for three days, EIS was used to study the
corrosion behavior. It is known from previous work that a surface with an impedance at the low
frequency below 107 Ω·cm2 is considered a poor protective barrier [44]. The paint with 1 wt % PPA
resulted in the impedance value of 1010 Ω·cm2 at low frequency. This result indicates the superior
corrosion protection of PPA-sol-gel coatings. For saltwater immersion test, test panels were scribed
with an “X” and then were soaked in a 3% NaCl solution for 66 days. After that, a tape was firmly
pressed against the scribed area and pulled to remove. The saltwater corrosion test was evaluated
using the ASTM D3359A method, which showed that there was no discoloration of the paint and no
paint was removed with the tape. Only very few tiny blisters (Ø < 1 mm) around the scribe were
observed, which may result from paint defects. The pencil hardness of the paint (ASTM D3363) was
F. The paint was without any discoloration. The authors concluded the paint with 1 wt % of PPA
provided excellent corrosion resistance [14].

4.3.2. 2-(Phosphonooxy) Benzoic Acid (Fosfosal)

Fosfosal was used as an acid additive in the polyester-melamine paint and was used in the
in situ phosphatizing treatment on aluminum alloy (3003) [14]. Substrates were spray-coated with
polyester-melamine paint containing different concentrations (0.5%, 0.75%, and 1%) of Fosfosal. DSC
was used to evaluate the cross-linking density of polymer by analyzing the glass transition temperature
(Tg). The DSC program involved annealing at 80 ◦C, then scanning from −50 ◦C to 300 ◦C with
a heating rate of 10 ◦C /min. Higher Tg means higher cross-linking density. EIS was used to study the
corrosion performance of coated substrates after three days in 3% NaCl immersion. As mentioned
earlier, EIS results of lower than 107 Ω·cm2 at low frequency meant poor anti-corrosion properties.
Corrosion resistance was further studied after saltwater immersion. Coated substrates were scribed
with an ”X” and immersed in 3% NaCl solution for 66 days. After drying, a tape was firmly pressed
against the “X” area and pulled to remove. The corrosion resistance was evaluated by ASTM method
D3359 A The pencil hardness of the painted Al panels was measured using ASTM method D3363. The
results of the corrosion test are summarized in Table 7.

Table 7. Measurement results of different Fosfosal concentrations.

Concentration DSC (Tg) EIS (Ω·cm2) Saltwater Immersion Pencil Hardness

1% 35 to 59 ◦C 109–107 – 4H
0.75% 34 to 55 ◦C 109 Ø 3 mm blister 4H
0.5% 18 to 48 ◦C 109 – HB

The corrosion resistance (saltwater immersion) for 1% Fosfosal coatings could not be estimated
with the ASTM method. For 0.5% Fosfosal, saltwater immersion results were not reproducible; one
panel had no paint removal and was evaluated as 5A in the ASTM D3359 A test. One panel had
a clump of blisters of size ~Ø 2 mm and the rest had no blistering. DSC results for coatings with 0.5%
Fosfosal showed that cross-linking density increased and EIS results showed 0.5% Fosfosal provided
sufficient corrosion protection. In case of pencil hardness test, coatings containing 1% and 0.75%
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Fosfosal (4H) were harder than for 0.5% Fosfosal (HB). However, EIS results for coatings containing
1% Fosfosal were not reproducible and saltwater immersion results of 0.75% Fosfosal were worse than
for 0.5% Fosfosal. Therefore, the authors suggested that 0.5% Fosfosal should be used in the in situ
phosphatizing treatment [14].

4.3.3. Phosphonosuccinic Acid (PPSA)

PPSA, as an acid additive, was added to the polyester-melamine paint coated on the aluminum
alloy (3003) surface. The EIS accelerated corrosion test was used to study the corrosion performance
of these coatings. Polyester-melamine paint with 5% PPSA could not be fully cured. Thus, paint
with 1 wt % PPSA was coated on the substrate and cured, but these coatings exhibited poor coating
properties. EIS results showed that the impedance at low frequency was in the order of 106 Ω·cm2.
After one week immersion in 3% salt solution, many blisters were observed on the paint surface. PPSA
performed badly as a catalyst in the polyester-melamine paint system [14].

5. Conclusions

Environmental issues with existing pretreatments for aluminum, together with the need to develop
new materials with higher mechanical and chemical performance, is driving the research and industrial
communities to develop new pretreatments based on phosphonic acids. The new treatments are shown
to have higher mechanical performance and corrosion protection; however, much work in adaptation
to industrial processes and their real environmental impact need to be evaluated to demonstrate the
commercial feasibility of these treatments. In many cases, the phosphonic acids are incorporated in
sol-gel coatings, which look simple in batch-scale application in laboratory research. However, it is not
clear if such treatments can be adapted to continuous handling in industrial production. The use of
hybrid systems, such as phosphonic acid-modified graphene oxide, is quite promising. However, the
economics of such treatments will determine its potential commercial exploitation. We believe that
the combination of various organic and inorganic conversion technologies for aluminum is needed
to obtain industrially-feasible solutions. The development of novel phosphonic acid chemistry with
a focus on self-healing, superior galvanic protection, and higher mechanical performance will have
a strong focus in the future. New phosphonic acids should be screened for their toxicological profile
and environmental impact before any possible commercial exploitation.
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Abstract: A combination of the chemical etching process in FeCl3 solution and chemical surface
grafting by immersion in ethanol solution containing 1H,1H,2H,2H-perfluorodecyltriethoxysilane
is a viable route to achieve a hierarchical surface topography and chemical bonding of silane
molecules on an aluminium surface leading to (super)hydrophobic characteristics. Characterisation
of untreated and treated aluminium surfaces was carried out using contact profilometry, optical
tensiometry, scanning electron microscopy coupled with energy-dispersive spectroscopy and X-ray
photoelectron spectroscopy to define the surface topography, wettability, morphology and surface
composition. Additionally, the dynamic characteristics were evaluated to define bouncing and the
self-cleaning effect. A thermal infrared camera was employed to evaluate anti-icing properties.
The micro/nano-structured etched aluminium surface grafted with perfluoroalkyl silane film showed
excellent superhydrophobicity and bounce dynamics in water droplet tests. The superhydrophobic
aluminium surface exhibited the efficient self-cleaning ability of solid pollutants as well as improved
anti-icing performance with melting delay.

Keywords: superhydrophobic surface; bounce dynamics; self-cleaning; anti-icing

1. Introduction

High specific strength, low specific weight and good corrosion resistance at atmospheric conditions
are some of the main reasons for the extensive use of aluminium in building construction, transportation
industries and many other applications in everyday life [1]. In recent years, rapid developments
have been made in the area of superhydrophobic anticorrosive coatings. These coating can act as
corrosion protection but offer additional functional abilities of an aluminium surface once exposed to
the real environment including adsorption of the pollutants and ice formation [2,3]. The definition of
superhydrophobicity is based on the water contact angle of the droplet on the surface which must be
larger than 150◦ and have a sliding angle smaller than 10◦ [4,5]. Thus, naturally hydrophilic aluminium
surfaces should be treated to reduce their wettability. Although in recent years, numerous studies
related to superhydrophobic surfaces have reported on their excellent performance [2,3,6], there is
still a need to develop a convenient, environmentally acceptable and facile method for fabrication of
superhydrophobic aluminium surfaces. The latter can trap air in the modified surface topography
which prevents aggressive ions from reaching the aluminium surface, consequently offering an efficient
mechanism for corrosion protection [2,3,6–9]. Superhydrophobic surfaces have many applications
because of their excellent properties such as on anti-icing [8,10–12], anti-fouling [13] and anti-bacterial
properties [14]; therefore, there is a high potential for applications in different fields [3].

The wettability of a solid surface is a function of two primary factors: surface roughness and
surface chemistry [5]. There are several routes to construct superhydrophobic surfaces such as a sol-gel
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process [15], anodic oxidation [16,17], chemical vapour deposition [18] and chemical etching [9,19,20].
However, once the practical application of such a coating is considered, a method with simple operation,
low-cost and short operation time are required. From this point of view, chemical etching to produce a
roughened surface followed by grafting a low-surface energy organic material, such as fatty acid [9,19]
or alkyl and perfluoroalkyl silanes [8], are one of the easiest, economical and environmentally acceptable
routes [2,20].

Chemical etching of aluminium has been reported in several studies (e.g., [21]); usually, it is
performed in strong acid solutions (e.g., HCl, H2SO4) in combination with other reagents such as
HCl/H2O2 [22], HCl/HF-Beck’s solution [23–25] or alkaline solutions (e.g., NaOH) [9,26]. The surface
etching process can be performed also in solutions of metal chlorides such as NaCl [25], CuCl2 [27,28],
and FeCl3 [21,27,29,30]. A comparative study of various etchants confirms that the best performance
was obtained with FeCl3 [27]. The latter is also traditionally known as a home or industrially used circuit
board etchant and, thus, a multipurpose chemical compound. The process is safe and environmentally
acceptable because the ferric ions themselves are not hazardous. The etching process in FeCl3 is usually
performed in combination with the electrochemical process [30], and the optimization and novelty
of the process would include the fabrication in the absence of electricity [21]. This kind of etching
procedure has hitherto been much less investigated, offering room for improvement.

The grafting of aluminium surfaces with various alkyl and fluoroalkyl silanes [8,29] has been
often used in the past due to the low surface energy of the CH, CF2, CF3 groups in the chain [8,31].
For instance, the treatment of aluminium or its alloys with fluoroalkyl silanes (FAS) in NaOH solution
has been utilized to prepare the superhydrophobic coating [8,25,32–34]. The initial silane precursors
were hydrolysed, condensed and covalently bonded on activated aluminium surface forming Al–O–Si
bonds in an exothermic process [35,36].

Superhydrophobic properties are the basis for several surface functionalities. In that context,
the dynamic characterisation of the water droplet on the surface [32] is essential to understand the
self-cleaning [22,37] and anti-icing properties [8–12].

In this current work, (super)hydrophobic films on aluminium surfaces were fabricated using a
two-step process consisting of an etching procedure in FeCl3 solution (in the absence of electricity)
to form a hierarchical micro/nano-structure aluminium surface and grafting at ambient temperature
directly in an ethanol solution of 1H,1H,2H,2H-perfluorodecyltriethoxysilane as a low surface
energy material. The surface morphology and composition were studied to explore the correlations
between the etching process and grafting. Additionally, the bounce dynamics was studied on the
superhydrophobic film to better understand the functional properties such as the self-cleaning ability
for solid pollutants and melting delay. The latter was evaluated with an innovative approach using a
thermal infrared camera.

2. Materials and Methods

2.1. Metal Substrates and Chemicals

A 1 mm thick aluminium (Al > 99.0%) sheet was distributed by GoodFellow, Cambridge Ltd.
(Huntingdon, England). It was cut into 20 mm × 20 mm plates. The surface was sequentially ground
with Struers LaboSystem LaboPol-20 machine using 1000, 2000 and 4200 SiC abrasive papers (supplied
by Struers ApS, Ballerup, Denmark) in the presence of tap water.

A two-step procedure for producing superhydrophobic aluminium surface included etching in a
FeCl3 solution for various durations (5, 10, 15, 20, 25 and 30 min) followed by grafting by immersion in
an ethanol solution of perfluoroalkyl silane for 30 min. Etching solution was prepared from iron(III)
chloride (FeCl3 × 6H2O; powder > 97%, CAS no. 10025-77-1, distributed by Sigma–Aldrich) and
Milli-Q Direct water with a resistivity of 18.2 MΩ cm at 25 ◦C (Millipore, Billerica, MA, USA) in a
volumetric flask to give a concentration of 1 mol/L. Grafting was performed for 30 min in 1 wt.%
1H,1H,2H,2H-perfluorodecyltriethoxysilane – FAS-10 (C16H19F17O3Si, > 97%, CAS no. 101947-16-4,

55



Coatings 2020, 10, 234

distributed by Sigma–Aldrich) ethanol solution (C2H5OH, absolute, anhydrous > 99.9%, CAS no.
64-17-5, distributed by Sigma–Aldrich).

The samples were positioned at the bottom of the beaker with the ground surface facing up.
Both steps were performed at room temperature. After each preparation step (i.e., grinding, etching,
grafting), the samples were thoroughly rinsed with distilled water and cleaned by immersion in
pure ethanol in an ultrasonic bath to remove all grinding/etching residuals, unreacted FAS-10 and
other organic substances present on the surface. Finally, the samples were dried with a stream of
compressed nitrogen.

2.2. Surface Characterisation

2.2.1. Weight Loss Test

The weight loss test was performed to evaluate the capability of the etching process. Weight loss
(given in %) was determined as a difference in weight of a clean and dried aluminium before and
after the etching process using a digital precision laboratory analytical weighing scale (Mettler Toledo
AE200 Analytical Balance) with a precision of 0.1 mg. The evaluation was performed on five parallel
samples. The data are given as average values ± standard deviations. The obtained data were fitted
using linear regression to evaluate etching rate, determined by the slope of the curve.

2.2.2. Surface Topography

Surface 3D topography and linear profiles of the etched aluminium after various etching times
were evaluated on three randomly chosen spots, employing a stylus contact profilometer, model Bruker
DektakXT, using a 2 μm tip and in a soft-touch mode with force 1 mN. The measured surface was 1 mm
× 1 mm, the vertical analysis range 65.5 μm and the vertical resolution 0.167 μm/point. Measured data
were analysed using TalyMap Gold 6.2 software. Results are presented as 3D images and line profiles,
and their corresponding surface roughness (Sa) are given as average values ± standard deviations.

2.2.3. Wettability

Water, diiodomethane and hexane contact angle measurements were performed at room
temperature by the static sessile-drop method on a Krüss FM40 EasyDrop contact-angle measuring
system. A small liquid droplet (4 μL) was formed on the end of the syringe which was carefully
deposited onto the treated aluminium surface. Digital images of the droplet silhouette were captured
with a high-resolution camera, and the contact angle was determined by numerically fitting the droplet
image using associated protocol software for drop shape analysis. The values reported herein present
the average of at least five measurements on various randomly chosen areas and are reported as
average values ± standard deviations.

2.2.4. SEM/EDS Characterisation

A field-emission scanning electron microscope (FE-SEM, JEOL JSM 7600 F, Tokyo, Japan) equipped
with an energy-dispersive X-ray spectrometer (EDS, Inca 400, Oxford Instruments, Bucks, England)
was used to analyse the morphology and composition of aluminium etched in FeCl3 and grafted
with FAS-10. Prior to analysis, samples were coated with a few nanometres thick layer of carbon.
The FE-SEM imaging was performed using secondary electron detector (SEI mode), lower secondary
electron detector (LEI mode) and backscattering electrons for composition (COMPO mode) of the
specimens at 5 and 10 kV energy. The EDS analyses were performed at 10 kV in a point analysis
mode. The data were normalised and given as an atomic percentage (at.%). The amount of carbon was
excluded from the quantitative analysis.
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2.2.5. XPS Characterisation

The chemical compositions of the etched aluminium surface and grafted with FAS-10 were
analysed with X-ray photoelectron spectroscopy (XPS) using an PHI TFA XPS spectrometer (Physical
Electronics, USA) equipped with aluminium and magnesium monochromatized radiation. The XPS
survey and high-energy resolution spectra were collected using Al-Kα radiation (1486.92 eV). The
pressure in the chamber was in the range of 10−9 mbar. A constant analyser energy mode with 187.9 eV
pass energy was used for survey spectra and 39.35 eV pass energy for high-energy resolution spectra.
Photoelectrons were collected at a take-off angle 45◦ relative to the sample surface. The positions of
all peaks were normalized with respect to C 1s peak at 284.8 eV. The elemental composition given
as an atomic percentage (at.%) was determined from the survey XPS spectra using PHI MultiPak
V8.0 software.

2.2.6. Bounce Dynamics

The bounce dynamics of a water droplet were investigated with an ultra-high-speed camera
Photron FASTCAM SA-Z (Tokyo, Japan), 2000 frames per second, using 105 mm Nikon F2.8G objective
(New York, NY, USA) at ambient temperature. A water droplet (10 μL) was formed on the end of the
syringe and released onto the specimen surface from 45 mm height. The bouncing of a water droplet
upon the horizontal specimen surface (tilted for 2 degrees) was recorded, and the frames of the movie
were analysed in order to evaluate the dynamic properties.

2.2.7. Self-Cleaning Ability

The self-cleaning testing was carried out on ground and treated aluminium samples in size of
50 mm × 40 mm by the following procedures: the aluminium sample on a horizontal stage (tilted
for 2 degrees). The solid pollution was simulated by covering the aluminium surface with a layer
of graphite multiwalled nanotubes (carbon > 95%, length 1–10 μm, PlasmaChem GmbH, Berlin,
Germany). Then, a water droplet of 10 μL was dropped onto the surface from a 2 cm height. The flow
of solid pollution along with the water droplet was recorded using a digital camera to evaluate the
pollutant removal after the water droplet rolled off from the surface.

2.2.8. Anti-Icing Ability

The anti-icing properties were studied on the ground and treated aluminium samples of a 50 mm
× 40 mm size under the overcooled conditions. The test was performed with water droplets of
60 μL which were gently placed on the horizontal substrate. The samples were put in the freezer
(−15 ◦C) for 1 h, then taken out and left at room temperature. Meanwhile, the melting process was
evaluated by recording the melting times for droplets on non-treated and treated surfaces using a
digital camera and thermal Fluke Ti55FT Infrared Camera (Everett, WA, USA). In parallel, the difference
in ice adhesion was also evaluated by tilting the samples vertically (90 degrees) and measuring the
time at which the frozen droplets were removed/slid from the surface. Additionally, the anti-icing
properties were studied on the ground and treated aluminium under overcooled conditions including
the water-dripping test. The test was performed in a freezer at −15 ◦C. The water droplets of cold
water (T = 5 ◦C) were dropped continuously from a 10 cm height with a dripping rate of ~20 mL/min
with the surface tilted at 10◦.

3. Results and Discussion

3.1. Surface Characterization

The two-step surface treatment to fabricate the (super)hydrophobic aluminium surface consisted
of etching in a FeCl3 solution to obtain the hierarchical micro/nano-structure surface followed by
grafting the surface in an ethanol solution of FAS-10 as a low surface energy material. According to the
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above description, the predicted reaction mechanism during surface treatment (etching + grafting) is
schematically presented in Figure 1.

Figure 1. Schematic illustration of the formation of a (super)hydrophobic aluminium surface prepared
by the etching process in a FeCl3 solution followed by grafting with perfluoroalkyl silane, FAS-10.

The etching mechanism is based on redox reactions. In the first step, aluminium reacts with
ferrous ions in aqueous solution. As a result, aluminium is oxidised and dissolved; at the same time,
Fe3+ is reduced and transferred into the etchant solution [21,27,38]. The overall oxidation-reduction
(redox) reaction of aluminium etching with FeCl3 can be written as follows:

Al + Fe3+ → Al3+ + Fe (1)

The area of the etched surface is time-dependent and, consequently, also the composition of the
aluminium surface due to the progressive removal of the native passive film (Al2O3). After taking
the aluminium sample from etching solution, it reacts spontaneously with oxygen/humidity during
rinsing with water which causes the passivation of the surface due to the formation of fresh aluminium
oxide/hydroxide film containing OH− groups (Figure 1). In the second step, denoted as grafting, there is a
reaction between hydroxylated aluminium surface and (CH3CH2O)3–Si–(CH2)2(CF2)7CF3 (FAS), where
–OCH2CH3 (OEt) presents a hydrolysable ethoxy group and –(CH2)2(CF2)7CF3, a non-hydrolysable
perfluoroalkyl chain, resulting in the formation of surface film (Figure 1). The interfacial condensation
and cross-linking reactions take place between the alkoxy and hydroxy groups of the etched aluminium,
leading to robust covalent binding between the FAS molecule and the aluminium surface according to
Equation (2):

Al(OH)3 + (CH3CH2O)3-Si-(CH2)2(CF2)7CF3 →
Al(OH)2-O-Si-(OCH2CH3)2-(CH2)2(CF2)7CF3 + CH3CH2OH

(2)

The side product of this reaction is ethanol. Such a chemical process is exothermic and, as a result,
the monodentate reaction between surface and fluoro-silane is expected [36]. This process allows the
integration of (CH2)2(CF2)7CF3 functional groups on the aluminium surface. The perfluoro groups are
oriented outward from the surface due to the long perfluoroalkyl chain [9,39].

To sum up, the presence of Al–OH bonding on the freshly FeCl3-etched aluminium surface
is necessary to form a covalent bond between the aluminium surface and silicon, –Si–O–Al [35].
The details on the chemical etching and grafting on the surface are discussed below.
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3.1.1. Weight Loss Test

The dissolution of aluminium can be quantitively evaluated using weight loss measurements as a
function of immersion time (Figure 2a).
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Figure 2. (a) Weight loss of aluminium as a function of etching time in 1 M FeCl3 solution, and (b)
the respective surface roughness determined by contact profilometry. The kinetics of weight loss was
estimated from a linear regression of obtained values as a function of etching times.

The intensity of the etching process on the aluminium surface during immersion in FeCl3 solutions
could be seen visually due to the aggressive displacement reaction between a freshly ground aluminium
surface and Fe ions (seen as bubbles formation and heating the etchant solution). The sample’s weight
was reduced proportionally with the etching time. At the beginning, the etching was slightly inhibited
due to the passive layer of Al2O3, which was later (after 5 min) locally removed. The kinetics of the
reaction was related to the diffusion process between the substrate and etchant solution. An increase
in weight loss after various etching times confirms a high aggressiveness of FeCl3 solution, where
every five minutes of etching induced approximately a 0.75% weight loss (the slope of the curve was
0.15% min−1 (Figure 2a).

3.1.2. Surface Topography

The surface roughness (Sa) as a function of the etching time by FeCl3 is quantitatively presented
in Figure 2b. The ground aluminium had a small surface roughness, Sa = 0.12 ± 0.03. The surface
roughness of the 5 min FeCl3-etched aluminium substrate increased by more than 10 fold, to Sa = 1.6
± 0.3 μm, and continued to increase linearly up to Sa = 5.7 ± 0.4 μm at 15 min. At a longer etching
time, the increase in roughness was slower but after 30 min roughness reached Sa = 8.5 ± 0.3 μm.
The increase in surface roughness correlated with that of weight loss; therefore, both parameters can
be time-controlled.

The 3D surface profiles show that the dimensions of the roughness features were at different scales
and that the topography of the surfaces varied significantly with the etching time (Figure 3).
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Figure 3. (left panel) 3D surface topography images of aluminium surface etched for 10, 20 and
30 min in 1 M FeCl3 solution. The white lines present the area where single line profiles analyses
were performed (right panel). The surface roughnesses determined from 3D profiles are presented in
Figure 2.

A macroscale roughness was observed with a variable number of pits. At extended etching times,
an increase in the number, size and depth of the pits at the etched aluminium could be observed at
both the 3D and line profiles. Moreover, line profiles show that the number of large pits increased
three-fold after etching for 30 min compared to that after 10 min; at the same time, their depth almost
doubled (from 40 μm to 80 μm). This formation of deep and large pits (Figure 3) explains a slower
increase in Sa after longer etching times (Figure 2b).

3.1.3. SEM Characterisation

The topography and morphology of ground and 20 min etched aluminium were characterised
using COMPO and LEI modes (Figure 4).

The surface of ground aluminium showed many small pores and some defects that are probably
related to the grinding process. Despite the fact that the aluminium used was of 99.0% purity used,
it contained impurities that can be seen as bright spots in the SEM image recorded in COMPO mode.
The results of the EDS analysis are given in Table 1.

The ground aluminium was mainly composed of Al and O, implying the presence of a thin
oxidized layer on the surface (Figure 4a, Table 1, spot 1). It also contained some impurities such as Si
and Fe (spots 2, 3). Silicon is related to remnants after the grinding procedure and is seen as dark areas
(spot 2), while Fe is an impurity in the metal and forms small Fe-rich intermetallic particles which also
contain Si (spot 3).
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Table 1. Composition determined by EDS analysis in at.% at enumerated spots on ground and etched
aluminium surface using FeCl3 as denoted in Figure 4.

Numbered Spots Al O Fe Si

Ground surface
1 40.0 60.0
2 39.8 60.0 0.2
3 29.5 54.6 15.5 0.4

Etched surface
4 82.2 16.5 1.3
5 98.0 2.0
6 56.3 19.9 19.1 4.7

Figure 4. SEM images of (a) ground aluminium surface and (b–d) ground aluminium etched for 20 min
in 1 M FeCl3 recorded in COMPO and LEI modes. The enumerated positions (from 1 to 6) indicate
spots where the EDS analysis was performed (Table 1).

The SEM LEI image of the surface after etching for 20 min in FeCl3 solution (Figure 4b) shows
many small holes and large deep pits. Moreover, the formation of a micro/nano-structured surface
pattern compared to the ground surface is evident (Figure 4c,d). Even after etching, the impurities
remained at the surface as confirmed by the SEM COMPO image (Figure 4d, Table 1). It is noteworthy
that Fe was not present in the aluminium matrix (spots 4,5) which confirms the efficient etching
process between Al and Fe without residual Fe on the surface. Iron was detected at spot 6, but the
comparison with ground surface (spot 3) indicates that these are Si-containing Fe impurities which
were not removed during the etching process.

The morphology of aluminium after various etching times (10, 20 and 30 min) was recorded by
SEM using the SEI mode (Figure 5).
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Figure 5. SEM images of surface morphologies of aluminium surface etched for 10, 20 and 30 min in the
1 M FeCl3 solution recorded in SEI mode at lower (left) and higher magnification (right). The arrows
present the estimated sizes of the formed hierarchical structures in the formed pits.

Aluminium etched for 10 min shows dispersed rectangular micro-scale pits with a width of
about 200 μm distributed throughout the surface (Figure 5a, left). In addition, nano-scale rectangular
pits are distributed uniformly across the surface, making a hierarchical structure. Inter-connecting
edges around pits are various dimensions; the estimated size is between 6–8 μm (6.7 μm, Figure 5a,
right). A binary structure of micro/nano-scale pits is therefore fabricated on Al surface by etching thus
enlarging the real surface area and producing a nano-structured roughness.

After longer etching times—approximately 20 and 30 min—the number of pits increased and the
size of the micro-scale pits extended due to the connection of small pits to larger holes (Figure 5b,c,
left). At higher magnification (Figure 5b,c, right), the reduced size of the interconnected edges of the
nano-hierarchical structure can be observed, for example, to 5.7 μm and 2.4 μm.

Such a well-controlled etching process was then further employed to fabricate a superhydrophobic
surface on metal during grafting in ethanol solution of FAS-10.

3.2. Surface Wettability

The surface wettability of ground, etched and FAS-10-grafted aluminium samples was studied
using water, diiodomethane and hexane (Figure 6).
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Figure 6. Contact angles measured for water, diiodomethane and hexane at aluminium surface etched
for various times in 1 M FeCl3 and grafted for 30 min in 1 wt.% ethanol FAS-10 solutions. The results
are presented as mean values ± standard deviations. The dashed line presents the boundary of
superhydrophobicity. The images of water, diiodomethane and hexane droplets on aluminium etched
for 20 min and grafted with a FAS-10 are presented.

The non-ground aluminium surface was hydrophilic with a water contact angle (WCA) of about
69◦ due to the presence of a native oxidised layer which spontaneously forms during long exposure
to air or moisture. The wettability of Al was enlarged by grinding and etching to produce a rough
hydroxylated surface in FeCl3-containing solution. Etched aluminium is superhydrophilic with a WCA
of few degrees due to the presence of Al–OH groups formed during the etching process.

The transition from a (super)hydrophilic surface (i.e., the FeCl3-etched aluminium substrate) to
a (super)hydrophobic surface occurred after grafting in FAS-10 solution. It is noteworthy that the
grafting of as-received or ground aluminium substrate without etching was less efficient. The water
contact angle increased only up to 45◦. This confirms that surface etching is crucial to fabricate a
superhydrophobic surface.

The static water contact angles increase significantly with the etching time (Figure 6), in accordance
with previous reports [22]. The two effects were interconnected: an increase in micro/nano roughness
by prolonged etching and the presence of low surface energy molecules (FAS). After 5 min etching, the
WCA was 142◦, and after 20 min etching, all measured water contact angles were above 150◦. If the
surface was slightly tilted (less than 10◦), water drops would slide from the surface confirming that
the treated aluminium had a low sliding angle. Further etching does not contribute to an additional
WCA increase.

The static contact angles were also measured with less polar solvents: diiodomethane and hexane
(Figure 6). The CAs for diiodomethane increased with etching time, but the maximum values were
below 138◦. Even smaller CAs were obtained for hexane, where a maximum of 25◦ was reached.

From the obtained wettability data, it can be concluded that etching the surface for 20 min and
grafting for 30 min in FAS-10 solution were optimal conditions to obtain superhydrophobic properties
with high water repellence. Therefore, further characterisation was carried out on samples fabricated
using these optimal parameters.
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3.3. Composition, Topography and Morphology of Aluminium Grafted with FAS-10

3.3.1. SEM/EDS Characterisation

The organic film formed by grafting was presumably nanometre-sized and thus cannot be easily
analysed by contact profilometry or by the change in sample weight. Therefore, the surface morphology
of the etched and FAS-10-grafted surface was investigated by SEM/EDS. Figure 7 shows the typical
morphology of aluminium etched for 20 min in FeCl3 and grafted for 30 min using FAS-10.

Figure 7. SEM images recorded in COMPO mode of the aluminium surface etched for 20 min in 1 M
FeCl3 followed by grafting for 30 min in 1 wt.% ethanol FAS-10 solution. The enumerated positions
(from 1 to 6) indicate spots where the EDS analyses were performed (values are given in Table 2).
Spectra 1 and 6 are shown as representatives.

Table 2. Composition determined by EDS analysis in at.% at enumerated spots on aluminium treated
with FAS-10 as denoted in Figure 7.

Numbered Spots Al O Fe Si F

1 81.6 15.2 0.5 2.7
2 61.6 24.6 5.7 1.1 7.0
3 47.6 13.8 33.7 1.4 3.5
4 98.5 1.5
5 60.6 29.3 3.8 6.3
6 63.6 18.5 12.2 1.1 4.6

After grafting, a film of FAS-10 molecules was formed on the rough surface. Although the formed
film was not observed on SEM image recorded in COMPO mode, its presence was confirmed by
comparing the chemical compositions of the etched only and superhydrophobic surface using the EDS
(Figure 7, Table 2).

Si and F originating from FAS-10 were detected on many analysed spots on the aluminium matrix
(Figure 7, spots 1–3, spectrum 1) confirming the efficient grafting process during immersion. At higher
magnification in the micro/nano-structured region (Figure 7), it can be noted that the film did not
evenly cover the surface. For example, at spot 4, Si and F were not detected. It seems that Si and F were
detected only at some spots on aluminium matrix (Figure 7, Spot 5, Table 2) and at spots with higher
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amounts of Fe (Figure 7, spots 2, 3, 6, Table 2), indicating that these were spots with more preferable
bonding due to the presence of Fe-oxide as is shown below.

3.3.2. XPS Characterisation

The XPS analysis was performed to evaluate the chemical composition of aluminium etched for
20 min in FeCl3 and aluminium grafted for 30 min with FAS-10. The survey XPS spectrum of etched
aluminium is presented in Appendix A Figure A1a, where the identified elements originated from the
substrate (Al), the presence of passive film (Al and O), other impurities present in the aluminium (Fe)
or remaining after etching (Fe and Cl) and the effect of the atmosphere (adventitious C). The chemical
composition is given in Table 3.

Table 3. Composition determined by XPS analysis in at.% for aluminium surface etched for 20 min in 1
M FeCl3 and aluminium grafted for 30 min in 1 wt.% ethanol FAS-10 solution (Appendix A Figure A1).

Sample O C Al Cl Fe F Si

Etched aluminium surface 47.5 34.8 13.7 2.8 1.2 - -
Grafted aluminium surface with FAS-10 26.7 26.8 7.8 - 0.5 36.8 1.4

The etched surface mainly consisted of O and Al and a small amount of Cl and Fe which is in
agreement with Equation (1) and proves that Fe was predominantly precipitated into solution, leaving
only a residual amount at the surface, probably presented as FeCl3.

The survey XPS spectrum of the grafted aluminium with FAS-10 strongly differed from the etched
aluminium, Appendix A Figure A1b. The presence of Al, Si, F, C, O and Fe confirmed the grafting
of FAS-10 film on the surface. The F, C and O now became the most abundant elements (Table 3).
The Al concentration decreased after grafting but was still visible, indicating that the grafting layer
was thinner than 10 nm.

The etched and grafted aluminium surfaces were additionally analysed with high-energy resolution
XPS spectra (Figure 8).

The Al 2p and O 1s spectra of etched aluminium confirmed the presence of aluminium
oxide/hydroxide (Figure 8a,b). According to the XPS database [40–42], spectra related the presence of
AlOOH (74.7 eV, 531.7 eV) and passivation during exposure to air Al2O3 (73.1 eV, 530.7 eV). The peak
related to Fe 2p3/2 centred at 711 eV has a lot of noise due to the low intensity, confirming the presence
of small amount of mixed Fe(II) oxide (multiple splitting at 709.8 eV and 711 eV [43]) and Fe(III)
oxide (at 710.9 eV and 712.7 eV [43]) at the surface, Figure 8c. Moreover, XPS spectra confirm that
zero-valent iron formed during etching was not present on the surface (usually detected as a peak
at 706.8 eV [42–44]). The carbon presented as adventitious carbon at a single sharp peak at 284.8 eV
(Figure 8d).

On the other hand, the grafted aluminium showed the broadening of the peaks for Al 2p and O
1s which reflected the presence of the third component related to Al–O–Si (at 75.5 eV and 532.7 eV,
respectively) formed during the grafting in the FAS-10 solution. On the other hand, the peak for Fe 2p3/2

exhibited a similar shape to a non-grafted sample. Therefore, the XPS data confirmed the formation
of the covalent bond between aluminium oxide/hydroxide and(CH3CH2O)3–Si–(CH2)2(CF2)7CF3

presented by Equation (2). This is further corroborated by the C 1s spectrum (Figure 8d). The peak
can be resolved into seven components, namely, –CF3 (294.0 eV),–CF2 (291.8 eV), –CF-CFx (290.8 eV),
C–F (289.8 eV), –C–CFx (286.7 eV), –C–C (284.8 eV) and –C–Si (283.8 eV). The characteristic bands
of the fluoroalkyl groups (CF2 and CF3) confirmed the presence of FAS-10 molecules at the surface.
The intensity of the CF2 peak is equal to C–C and higher than the CF3 peak, because the FAS-10
contains more CF2 groups than the CF3 and C–C bonds. The Si 2p peaks comprised three components
(Figure 8e) with a bending energy at about 101.3 eV for Si–O–C, 102.5 eV for Si–C associated to FAS
molecule [40,41] and at 103.7 eV associated with the Si–O–Al species formed during grafting [40,41].
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Figure 8. High-energy resolution XPS: (a) Al 2p, (b) O 1s, (c) Fe 2p3/2, (d) C 1s, (e) Si 2p, and (f) F 1s.
Symbols present experimental spectra, and vertical lines present the position of component peaks.
Spectra were recorded for Al etched for 20 min in 1 M FeCl3 (red triangles) and grafted for 30 min in 1
wt.% ethanol FAS-10 solution (black dots).

The presence of the FAS-10 molecule can also be confirmed in F 1s spectra, where a broad peak
between 686–691 eV is related to C–F covalent bond in the FAS-10 molecule (Figure 8f). The CF3 and
CF2 concentrations present in the C 1s spectrum of the FAS-10-treated Al is in correlation with the
molecular structure. The high concentration of CF3 and CF2 on the surface indicates that the molecules
were orientated with the Si–O bond to the surface forming Si–O–Al, while the (CH2)2(CF2)7CF3 tail
comprised the outermost surface film. Such a surface composition is in correlation with the obtained
reduced wettability.
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3.4. Bounce Dynamics

The dynamic behaviour of the water drops on the etched and FAS-10-grafted aluminium surface
was investigated using water drop impact tests. Treated Al surfaces maintain remarkable non-wetting,
superhydrophobic properties, not only in quasi-static conditions (as typically measured by sessile drop
method) but also under dynamic conditions leading to rebound of the droplet after impact.

These characteristics were evaluated from the sequential images of one water droplet during the
bouncing process on the superhydrophobic surface (Figure 9, Video A1).

Figure 9. Time-lapsed images of a water droplet (volume 10 μL) bouncing on the horizontal aluminium
surface etched for 20 min in 1 M FeCl3 and followed by grafting for 30 min in 1 wt.% ethanol FAS-10
solution. Videos A1 and A2.

The process can be divided into different sequences which include falling toward the surface,
impinging the surface, transforming a thin pancake and achieving a maximum contact with the surface,
retracting back one water droplet followed by the formation of an inverted baseball bat which rebounds
from the surface toward to a maximum height. The water droplet bounded and completely left
the coated surface within 14 ms, without leaving any water residuals (Figure 9). The water droplet
rebounded a few times on the superhydrophobic surface and, subsequently, left the surface or impinged
on the superhydrophobic surface multiple times (Video A1).

The dynamic properties were also evaluated for a water droplet impinged to the superhydrophobic
surface, which was tilted for 2◦ (Video A2). The water droplet rotated and rebounded and then rolled
off. This experiment confirmed that even when released from a low height, a water droplet has enough
kinetic energy to provide the driving force for bouncing and rotation. Consequently, the main goal
to overcome low surface tension and self-gravity of a droplet to achieve the bouncing process was
obtained. Moreover, the adhesion of a water droplet was efficiently reduced, and it did not remain on
the superhydrophobic surface.

3.5. Self-Cleaning Ability

The self-cleaning test was carried out to demonstrate the removal of solid pollutants (featured by
carbon nanotube particles as pollutants) from the treated aluminium surface (Figure 10, Video A3).
Pollutants remained on the untreated (ground) aluminium surface which was wetted and contaminated
by the particles dispersed in water (Figure 10).
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Figure 10. The appearance of ground and treated aluminium surfaces (etched for 20 min in 1 M FeCl3
and followed by grafting for 30 min in 1 wt.% ethanol FAS-10 solution) covered with carbon particles
prior and after rinsing with tap water. Video A3. The proposed mechanism of self-cleaning on ground
and treated surfaces is presented schematically.

The mechanism is presented schematically in Figure 10. This behaviour indicates that ground
aluminium does not have a self-cleaning ability. In contrast, no pollutants or water droplets remained on
aluminium treated in FAS-10, because water removes the dirt when water droplets roll (Figure 10, Video
A3). This illustrates its excellent water-repelling and self-cleaning ability, as the superhydrophobic
aluminium surface does not allow water droplets to penetrate into the grooves, but rather they are
suspended on the micro/nano-scale pits. Water droplets cannot stick to the surface and depart easily
without a distinct distortion. Low adhesion of the superhydrophobic surface allows droplets to roll off
quite easily and get rid of various external contaminants, just like the natural lotus leaf, according to
the mechanism schematically presented in Figure 10. This behaviour has been theoretically explained
by the Cassie and Baxter equation [5,28,37].

The superhydrophobicity of etched and FAS-10-grafted surfaces results from a hierarchically
rough surface covered by an organic film whose low surface energy allows the air to be trapped in
“pockets” areas between the water droplets and solid surface thus minimising their contact.

3.6. Anti-Icing Ability

The anti-icing properties of the superhydrophobic surface were characterised using conditions
simulating the real environment. To evaluate this effect, two critical aspects have to be considered:
icing-delay performance and ice adhesion strength. The icing-delay performance of water droplets
deposited on the treated aluminium surface was evaluated in a reverse direction as completely melting
delay (i.e., melting-delay time). Figure 11a (Video A4) shows the melting processes of droplets on
the treated surfaces frozen at −15 ◦C. The droplet on the ground surface was quickly melted (120 s);
in contrast, the droplets on the treated aluminium surface took longer (260 s) to melt.

The melting process was additionally characterised using the thermal infrared camera (Figure 11b).
The droplets on the ground aluminium surface started to melt after 60 s near the edges, some were
melted and after 90 s, ice remained only in the centre of larger droplets. Ice was completely melted
after 120 s. Frozen droplets on treated aluminium melted much slower (Figure 11a,b, Video A4). After
60 s, the droplets remained frozen, and slow melting can be seen after 120 s up to 260 s.
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Figure 11. Frames of the de-icing process on ground and treated surfaces after various times (positioned
horizontally) after taking the samples from the freezer (−15 ◦C) to ambient temperature followed using
a (a) digital camera and (b) thermal infrared camera. Figure (c) shows the effect on the ice adhesion
on the ground and treated aluminium (positioned vertically). Videos A4 and A5. The proposed
mechanism of melting-delay and adhesion on ground and treated surfaces are presented schematically
in (a) and (c).

This melting delay is in accordance with thermodynamics. The droplet on the cold surface gains
heat from the air in the forms of heat conduction and thermal radiation and absorbs heat by heat
conduction, schematically presented in Figure 11a. The difference in the temperature can be expressed
according to the absorbed energy of droplet as per Equation (3) [45]:

ΔT =
ρcp(T0 − T1)

Q1 − Q2
=
ρcp(T0 − T1)

ΔQ
(3)
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where ΔT is the increased temperature of the droplet; ρ is the water density; cp is the specific heat
capacity of the water; T0 is the starting temperature of the droplet; T1 is the sample surface temperature;
ΔQ is the net heat increase in unit time; Q1 is the heat gain from the air; and Q2 is the heat absorbed
from contact with a solid surface. A small Q2 or a large Q1 can cause a large ΔQ and results in a small
ΔT. Thus, it can explain why droplets suspended on superhydrophobic surfaces (treated aluminium)
have a longer melting delay time compared to ground surfaces.

A difference in the heating of the surface area where the droplets were not present was also
observed (Figure 11a,b). On the surface of the ground sample, there were small droplets of the water,
confirming that the water condensed on the surface during melting. The treated surface was heated
more evenly and no water condensed on the surface due to the trapped air in the structure pockets
which acts as a thermal insulator.

Figure 11c shows the adhesion of the frozen droplet on the ground and treated aluminium surfaces
(Video A5). According to the Wenzle wetting model of the droplet on the aluminium surface, the
ice adhesion strength is related to the contact area fractions (f 1) of the liquid droplet on the solid.
In the Cassie–Baxter model of the superhydrophobic surface, the actual contact interface is between
ice and ice/air pockets and ice/hydrophobic solid, leading to a lower ice adhesion strength. Both
mechanisms are presented schematically in Figure 11c. The breakage of the contact between formed
ice and superhydrophobic surface practically occurs only along with the real contact interface between
ice and solid. Consequently, the measured ice adhesion strength on the superhydrophobic surface is
much smaller compared to hydrophilic or hydrophobic aluminium.

The anti-icing properties were additionally tested when placing the ground and treated aluminium
samples in the freezer (T = −15 ◦C) and dropping the cold water onto the surface (Figure 12).
The obtained results vividly demonstrate that, on the ground surface, the water droplets were spread
on the surface, began to freeze immediately and formed ice film on the entire surface (Figure 12a).
In contrast, on the treated aluminium, no film was observed because the droplets bounced or rolled off
the surface (Figure 12b); therefore, the aluminium surface remained unsaturated with water despite a
continuous water drip.

 
Figure 12. (a) The icing process for ground aluminium and (b) treated aluminium during testing in the
freezer at −15 ◦C while dropping cold water droplets on the surface for 5 min.

The results confirm that the superhydrophobic aluminium exhibited a high anti-icing potential
with the icing-delay and lower ice adhesion and ice film formation on the treated aluminium surface.

4. Conclusions

A (super)hydrophobic aluminium surface was fabricated using a simple, low-cost, two-step
process consisting of chemical etching in FeCl3 solution followed by grafting using perfluoroalkyl
silane (FAS-10).
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The topography and the weight loss of the surface confirm that FeCl3 strongly promotes etching of
Al; the effect is time-dependent. Roughening of the aluminium surface by etching in the FeCl3 solution
was found to be a crucial parameter to provide a micro/nano-pattern and aluminium oxide/hydroxide
structure which then acts as an active surface for further grafting with perfluoroalkyl silane film.

An optimal etching time of 20 min and grafting for 30 min in FAS-10 solution resulted in
superhydrophobic aluminium surface with a water contact angle above 150◦ and a low sliding angle
below < 10◦.

The XPS data confirmed that the FAS molecules were covalently bonded on the aluminium surface.
The superhydrophobic aluminium surface showed excellent dynamic properties, seen as a

bouncing effect without leaving any residual water on the surface. Consequently, such a treated surface
showed an excellent self-cleaning ability. Low contact of a water droplet with the treated surface also
affected the melting delay, indicating an improved anti-icing effect.

This fabricated aluminium surface is a great candidate for various applications because of the
properties gained to increase the durability and functionality of aluminium during exposure to the
real environment.
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Appendix A

The following figure of XPS survey spectra complements the high-energy resolution spectra
presented in Figure 8.
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Figure A1. Survey XPS spectra recorded for (a) aluminium surface etched for 20 min in 1 M FeCl3 and
(b) grafted for 30 min in 1 wt.% ethanol FAS-10 solution.

Appendix B

The following videos complement the data and Figures 9–11 in this article. They are available in
the online version.

Video A1. Bouncing dynamic characterisation
Video A2. Water rolling off the surface
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Video A3. Self-cleaning of solid pollutants
Video A4. Anti-icing properties and melting delay
Video A5. Ice adhesion on ground and treated aluminium
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Abstract: Using Raman scattering and FTIR spectroscopy, new optical evidence for the assembly of
sensors based on reduced graphene oxide (RGO) and polydiphenylamine (PDPA) for the electrochem-
ical detection of the epidermal growth factor receptor (EGFR) are reported. The assembly process
of the RGO sheets electrochemical functionalized with PDPA involves the chemical adsorption of
1,4-phenylene diisothiocyanate (PDITC), followed by an incubation with protein G in phosphate
buffer (PB) solution and after that the interaction with EGFR antibodies solution. Taking into account
the changes reported by Raman scattering and FTIR spectroscopy, a chemical mechanism of the
assembling process for this sensor is proposed. The preliminary testing of the electrochemical activity
of the sensors based on RGO and PDPA was reported by cyclic voltammetry.

Keywords: reduced graphene oxide; polymer; coatings; epidermal growth factor receptor; Raman
scattering; FTIR spectroscopy

1. Introduction

The epidermal growth factor receptor (EGFR) is a biomarker often used for many
tumors in various diseases such as breast cancer, gliomas, laryngeal cancers, carcinoma,
and so on [1,2]. Different methods were developed for the detection of EGFR, the most
used being immunohistochemistry [3,4], enzyme-linked immunosorbent assay (ELISA), [5]
and Western blotting [6]. The main platforms used until now for the EGFR detection
were lab-on-chip sensors [7], biochips-based on microfluids [8], Au nanoparticles which
show surface plasmon resonance [9] and label-free electrochemical immunosensors [10]. In
comparison with this progress, a new platform based on reduced graphene oxide (RGO)
electrochemical functionalized with polydiphenylamine (PDPA) is proposed to be used
for the EGFR detection in this work. These platforms are considered more attractive in
comparison with the Au nanoparticles or Au plate, as a consequence of the fact that it
is no longer necessary to interact with cysteamine in order to generate new amine-type
bonds that would later allow interaction with 1,4-phenylene diisothiocyanate (PDITC). An
example which supports this is the case of the RGO sheets electrochemically functionalized
with poly(5-amino-1-naphtol) [11]. Despite the greater progress made concerning the
assembly of immunosensors for EGFR detection, the information concerning the optical
evidence of the stages of assembling these platforms is missing. In order to overcome
this limitation, in this work, we report several optical studies carried out using Raman
scattering and FTIR spectroscopy concerning the assembly of RGO sheets electrochemically
functionalized with PDPA in order to be used in the future for the electrochemical detection
of EGFR. In this work, a short characterization of these platforms is shown by cyclic
voltammetry. Our results open up new perspectives for highly reproducible platforms for
clinical screening of cancer tumors.
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2. Materials and Methods

The main chemical compounds used in this study were: diphenylamine (DPA),
H4SiW12O40 xH2O, HCl, graphite, dimethylformamide (DMF), ethanol, protein G, PDITC,
EGFR antibody, EGFR antigen, ethanolamine, Tween 80, Na2HPO4, and NaH2PO4, all pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Screen-printed carbon electrodes (SPCE)
modified with RGO (SPCE-RGO) were purchased from Methrohm DropSens (Herisau,
Switzerland). The configuration of SPCE-RGO consists of: (i) a working electrode, which
in our case corresponds to the RGO sheets deposited onto carbon electrode; (ii) a counter
electrode from carbon; and (iii) reference electrode from Ag, which in fact is a pseudorefer-
ence electrode that shows a shift in potential of −131 mV in comparison with the classical
reference electrode Ag/AgCl. Electrochemical functionalization of SPCE-RGO was car-
ried out according to Ref. [12]. Briefly, this involved using a semi-aqueous solution of
2 × 10−2 M DPA and 1 M HCl in DMF:H2O = 1:1 (volumetric ratio) in the presence of
5 × 10−3 M H4SiW12O40. The electrochemical functionalization of SPCE-RGO with PDPA
doped with the H4SiW12O40 heteropolyanions was carried out by cyclic voltammetry, in the
potential range of +100 to +960 mV vs. SCE. After recording 20 cyclic voltammograms onto
the SPCE-RGO surface, a platform of the type SPCE-RGO covalently functionalized with
PDPA doped with the H4SiW12O40 heteropolyanions (SPCE-RGO/PDPA) was produced.
The cyclic voltammograms were stopped at +960 mV vs. SCE.

The assembling process of the RGO sheets electrochemically functionalized with PDPA
for the electrochemical detection of EGFR was carried out in four steps. In the first step,
the interaction of the SPCE-RGO/PDPA platform with 0.5, 1, 2, and 4 mg mL−1 PDITC in
the ethanol for 20 min was carried out in order to obtain SPCE-RGO/PDPA modified with
PDITC (SPCE-RGO/PDPA-PDITC). To eliminate the excess PDITC, the SPCE-RGO/PDPA-
PDITC platform was washed four times with 5 mL PB solution with a pH equal to 7.4. In
the second step, the SPCE-RGO/PDPA-PDITC platform was incubated with 15 μg mL−1

protein G in PB solution with a pH equal to 8.5, for 1 h. In order to remove the unbound
protein G on the SPCE-RGO/PDPA-PDITC-G platform, a rinse with 0.1% Tween in PB
solution with the same pH (10 mL) was performed. In the third step, the deactivation of the
thiocyanate groups of the SPCE-RGO/PDPA-PDITC-G platform was carried out by their
immersion in a solution of ethanolamine (0.1 M), for 30 min, and then washed with the
PB solution with a pH of 8.5. In the fourth step, the SPCE-RGO/PDPA-PDITC-G platform
interacted with a solution of EGFR antibodies (15 μg mL−1) in the PB solution with a
pH equal to 8.5. After 45 min., the SPCE-RGO/PDPA-PDITC-G-EGFR antibody platform
was stored at a temperature of 4 ◦C and then incubated with 1 μg mL−1 EGFR antigen
solution with a pH equal to 7.4 for 1 h. Before testing the SPCE-RGO/PDPA-PDITC-G-
EGFR antibodies/EGFR platforms in the presence of the [Fe(CN6]3−/[Fe(CN)6]4− solution,
a rinse of these with PB solution (10 mL, pH 7.4) was performed.

The electrochemical functionalization of SPCE-RGO with PDPA, as well as the testing
of the SPCE-RGO/PDPA-PDITC-G-EGFR antibodies/EGFR platforms in the presence
of the [Fe(CN6]3−/[Fe(CN)6]4− sample, were recorded with a potentiostat/galvanostat
Voltalab 80 model, purchased from Radiometer Analytical (Lyon, France).

The Raman spectra of the SPCE-RGO functionalized with PDPA platform and its
evolution during the assembling process were recorded with a Raman spectrophotometer,
T64000 model, from Horiba Jobin Yvon (Edison, NJ, USA), which was endowed with an Ar
laser (excitation wavelength of 514 nm). Complementary studies were performed with a
FT Raman spectrophotometer, MultiRam model, from Bruker (Billerica, MA, USA), which
was endowed with a YAG:Nd laser (excitation wavelength of 1064 nm). In the case of all
Raman spectra, a baseline operation was applied.

The infrared (IR) spectra of the SPCE-RGO functionalized with PDPA platform and its
evolution during the assembling process were recorded with a FTIR spectrophotometer,
Carry 600 series, from Agilent (Santa Clara, CA, USA).
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3. Results and Discussion

3.1. Optical Evidences by Raman Scattering and FTIR Spectroscopy Studies Concerning the
Assembling of the Sensorial Platforms for EGFR Detection

Figure 1a shows the Raman spectrum of the SPCE-RGO/PDPA platform, which is
characterized by two intense bands with the maximum at 1592 and 1350 cm−1 that are
accompanied of other two Raman lines of low intensity at 1176, 1133, and 996 cm−1.

 
(a) (b) 

  

(c) (d) 

 
(e) 

− −

−
−

−

Figure 1. Cont.
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(f) (g) 

Figure 1. The Raman spectrum of the screen-printed carbon electrodes modified with reduced graphene oxide and
polydiphenylamine (SPCE-RGO/PDPA) platform before (a) and after the interaction with the 1,4-phenylene diisothiocyanate
(PDITC) solution in ethanol (1 mL) with a concentration equal to 0.5 (b), 1 (c), 2 (d), and 4 mg mL−1 (e). (f,g) show the
optical images of the platform SPCE-RGO/PDPA after the interaction with the PDITC solution having the concentration
equal to 0.5 and 4 mg mL−1. All spectra are recorded at the excitation wavelength of 514 nm.

As shown in our previous article [13], the RGO Raman spectrum at an excitation
wavelength of 514 nm is characterized by two lines at 1349 and 1573 cm−1, these being
assigned to the graphitic lattice defects and E2g in-plane phonon in the Brillouin zone G
point [14]. According to our previous studies, the main Raman lines of PDPA in a doped
state were reported to be localized at 1176, 1342, 1367, 1492, 1585, and 1613 cm−1, these
being assigned to the vibrational modes C–H bending in the benzene ring, C–N in the
N,N’-diphenyl benzidine radical cation, C=N stretching, C–C stretching in the quinoid
ring + C–C stretching in the benzene ring, and C–C stretching in benzene ring + C–H
bending in benzene ring, respectively [15,16]. The Raman line at 1592 cm−1 in Figure
1a, confirms the presence of PDPA on the RGO sheet’s surface. The Raman line at 996
cm−1 (Figure 1a) belongs to the vibrational modes of W=O in the H4SiW12O40 [17]. The
up-shift of the Raman line assigned to the C–H bending vibrational mode in the benzene
rings of the polymer from 1176 to 1189 cm−1 can be explained if we accept that a covalent
functionalization process of the RGO sheets with conjugated polymer takes place, when
the steric hindrance effects are induced in the PDPA macromolecular chain. A puzzling fact
is the presence of the Raman line at 1133 cm−1 (Figure 1a), which is located not far from
the Raman line from 1150 cm−1 assigned to the vibrational mode of C–H in-plane bending
of the polymers having triphenylamine as repeating units [18]. The Raman spectrum of
PDITC, at the excitation wavelength of 514 nm, shows lines with peaks at 1157, 1257, 1583,
and 1603 cm−1, attributed to the vibrational modes of the C–S bending, C–H in the benzene
ring + C–C stretching + C–N stretching, C=C+C–C stretching in the benzene ring, and C–C
stretching + C–H bending in the benzene ring, respectively [19–23]. The interaction of the
SPCE-RGO/PDPA with the PDITC solutions with increasing concentration leads to the
following changes in the Raman spectra of Figure 1: (i) an up-shift of the Raman lines from
1592 and 1189 cm−1 to 1601 and 1196 cm−1, respectively; (ii) a down-shift of the Raman
line from 1350 to 1320 cm−1; (iii) as the PDITC concentration increases from 0.5 to 4 mg
mL−1, a change in the values between the Raman lines peaked at 1157 and 1195–1196 cm−1,
respectively, (I1157/I1193–1196) as well as those at 1255 and 1320 cm−1 (I1255/I1320) vary from
0.26 and 0.41 (Figure 1b) to 4.27 and 5 (Figure 1e), respectively. These changes indicate a
chemical interaction of SPCE-RGO/PDPA with PDITC, which, according to Figure 1f,g,
involve the appearance of one-dimensional structures.

Similar vibrational changes are seen in the Raman spectra recorded at the excitation
wavelength of 1064 nm (Figure 2).
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Figure 2. The Raman spectra of SPCE-RGO (a), SPCE-RGO/PDPA (b), SPCE-RGO/PDPA interacted with 2 (blue curve)
and 4 mg mL−1 (magenta curve) PDITC in ethanol (c), and after the interaction of SPCE-RGO/PDPA/PDITC with protein
G (d), anti-epidermal growth factor receptor (EGFR) (e) and EGFR (f).

In this last case, we observe that:
(a) the Raman lines of the RGO sheets peaked at 1290 and 1598 cm−1, with the ratio

between the intensities of the two bands being equal to 1.42 (Figure 2a);
(b) after the recording of 20 cyclic voltammograms onto the SPCE-RGO surface, the

SPCE-RGO/PDPA platform is characterized by the intense Raman lines peaking at 1178,
1331, 1373, 1490, 1581, and 1612 cm−1 belonging to PDPA doped with the H4SiW12O40
heteropolyanions and two Raman lines of low intensity at 1227 and 1292 cm−1 belonging
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to the vibrational mode of the C–N stretching of PDPA and the D band of the RGO sheets
(Figure 2b);

(c) the interaction of the SPCE-RGO/PDPA platform with PDITC leads to: (c1) a
gradual increase in the intensity of the Raman lines peaked at 1227 and 1610 cm−1 simulta-
neously with an up-shift of the Raman line from 1178 to 1186 cm−1, (c2) the change in the
ratio between the intensities of the Raman lines at 1178–1186 and 1227 cm−1 (I1178–1186/I1227)
from 3.19 (Figure 2b) to 1.14 (magenta curve in Figure 2c) as well as those at 1581 and
1612–1610 cm−1 (I1581/I1612–1610) from 1.75 (Figure 2b) to 0.84 (magenta curve in Figure
2c), and (c3) the appearance of the Raman line at 1260 cm−1; all these changes indicate a
chemical adsorption of PDITC on the surface of the SPCE-RGO/PDPA platform, which
will be labeled in the following as the SPCE-RGO/PDPA-PDITC platform;

(d) the interaction of the SPCE-RGO/PDPA-PDITC platform with protein G induces
in the Raman spectrum shown in Figure 2d the appearance of a new line at 1456 cm−1

simultaneously with an up-shift of the Raman line assigned to the vibrational mode of C–N
in the N,N’-diphenyl benzidine radical cation, from 1331 to 1337 cm−1;

(e) the interaction of the SPCE-RGO/PDPA-PDITC-G platform with the EGFR an-
tibodies highlights an increase in the intensity of the Raman line at 1227 cm−1 and a
decrease in the intensity of the Raman lines situated in the spectral range 1300–1400 cm−1,
and a change in the ratio between the Raman lines at 1582 and 1612 cm−1 (I1582/I1612) of
0.34 (Figure 2e); in addition, these interactions induce an increase in the relative intensity
of the Raman line localized in the spectral range 1000–1200 cm−1 from 0.51 (Figure 2c) to
0.6 (Figure 2d) and 1.17 (Figure 2e) and a down-shift of the Raman line from 1490 cm−1

(Figure 2b,c) to 1485 cm−1 (Figure 2e); and
(f) after the incubation of the SPCE-RGO/PDPA-PDITC-G-EGFR antibody platform

with EGFR antigen, an additional decrease in the intensity of the Raman lines localized
in the spectral range 1300–1400 cm−1 accompanied by an increase in the intensity of
the Raman line at 1520 cm−1, as well as a change in the I1582/I1612 ratio at 2.74 and the
appearance of a new Raman line at 1465 cm−1, occur (Figure 2f).

The new Raman lines reported in Figure 2 peaking at 1260, 1456, 1465, and 1520 cm−1

belong to PDITC, protein G, EGFR antibodies, and EGFR, as shown in the Raman spectra
recorded at the excitation wavelength of 1064 (Figure 3).

  

(a) (b) 

− −

Figure 3. Cont.
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Figure 3. The Raman spectra of PDITC (a), protein G (b), anti-EGFR (c), and EGFR (d).

In this context, we note that: (i) down-shift of the Raman line from 1490 cm−1

(Figure 2b,c) to 1485 cm−1 (Figure 2e) can be explained, taking into account both the
presence of Raman line of protein G at 1456 cm−1 (Figure 3b) and its chemical interaction
with the SPCE-RGO/PDPA-PDITC; and (ii) new Raman line of EGFR at 1465 cm−1, as-
signed to the vibrational mode of the CH2 scissoring [24] (Figure 2f), confirms a chemical
adsorption of a part the EGFR antibodies and EGFR antigen onto the SPCE-RGO/PDPA-
PDITC-G platform surface. This can be explained by an incomplete deactivation of the
thiocyanate groups due to steric effects induced by the presence of protein G on the surface.
The remaining thiocyanate groups can anchor to the surface the anti-EGFR antibodies that
get non-covalently attached to protein G, and similarly the EGFR antigen that gets caught
by the anti-EGFR antibodies.

Additional information is obtained by FTIR spectroscopy, as shown in Figure 4. The
main IR bands of the SPCE-RGO/PDPA platform peak at 694, 750, 779, 881, 916, 970, 1014,
1164, 1251, 1315, 1493, 1593, and 1651 cm−1, being assigned to the following vibrational
modes: inter-ring deformation, ring deformation, W–Oc–W (octahedral edge-sharing),
C–H in-plane bending of the quinoid ring (Q), W–Ob–W (octahedral corner-sharing), W–
Od (terminal), Si–Oa, C–H bending in the benzene ring (B) + quinoid ring (Q), radical
cation structure, Caromatic–N stretching, C–C stretching + C–H bending, C–C stretching,
and –NH+=Q=Q=NH+–, respectively [19,25–27]. The interaction of the SPCE-RGO/PDPA
platform with PDITC, protein G, EGFR antibodies, and EGFR antigen induces in Figure 4
the following changes: (i) a decrease in the absorbance of the IR bands at 694 and 750 cm−1;
(ii) an up-shift of IR band from 1164 to 1184 cm−1; (iii) a gradual increase in the absorbance
of the IR bands at 1251, 1315, 1593, and 1651 cm−1; and (iv) the appearance of two IR bands
with maxima at 1699 and 1780 cm−1, both assigned to the C=O vibrational mode whose
absorbance gradually increases as the platform interacts with protein G, EGFR antibodies,
and EGFR antigen.

According to Figure 5, the IR spectrum of protein G is dominated by two IR bands
at 1518 and 1634 cm−1, which were assigned to the vibrational modes C–C + C–H and
C=C, respectively [28]. Other IR bands of low absorbance are remarked in Figure 5a, at
1084, 1234, and 1393 cm−1 that were attributed to the vibrational modes of bonds CH, COH
and COO, respectively [28]. In the case of the EGFR antibodies, the IR bands localized at
1038–1109 and 1649 cm−1 (Figure 5b) were assigned to the vibrational mode C–O + C–H
and C=O [28]. All these vibrational changes can be explained by taking into account the
chemical mechanism of the assembling of these platforms shown in Scheme 1.
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Figure 4. The IR spectrum of the SPCE-RGO/PDPA platform before (black curve) and after the
successive interaction with the PDITC solution in C2H5OH (1 mL) with a concentration equal to
4 mg mL−1 (red curve), protein G (green curve), anti-EGFR (blue curve), and EGR (magenta curve).

  
(a) (b) 

−

− −

Figure 5. The IR spectrum of the protein G (a) and EGFR antibody (b).
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Scheme 1. The interaction of SPCE-RGO/PDPA with PDITC followed of the chemical interaction with protein G, EGFR
antibodies, and EGFR.

3.2. The Electrochemical Properties of the Platforms SPCE-RGO/PDPA-PDITC-G-EGFR
Antibodies-EGFR

Figure 6a–c show the fifth cyclic voltammogram of the Au electrode, SPCE-RGO
and SPCE-RGO/PDPA-PDITC-G-anti-EGFR/EGFR in 5 mM K3[Fe(CN)6]/K4[Fe(CN)6]
solution, depending on the scan rate. The main changes in the potential of the anodic and
cathodic peaks as well as their current densities are summarized in Table 1.
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Figure 6. Cyclic voltammograms of the electrodes of Au (a), SPCE-RGO (b), SPCE-RGO/PDPA-PDITC-G-anti-EGFR/EGFR
(c), with 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] solution in 0.1 M PB with pH = 7.4. Cyclic voltammograms were recorded with
scan rates equal to 300 (black curve), 200 (red curve), 100 (green curve), 50 (blue curve), 25 (cyan curve) and 10 mV s−1

(magenta curve).

Table 1. The potential of the anodic and cathodic peaks (Epa, Epc) as well as current densities (ipa,
ipc) of the cyclic voltammograms as depending on the scan rate (v) of the following electrodes: Au,
SPCE-RGO, SPCE-RGO/PDPA-PDITC-G-anti-EGFR/EGFR. ΔE = Epa − Epc corresponds to the
potential of separation of the anodic and cathodic peaks.

Electrode
v

(mV s−1)
Epa

(mV)
Epc

(mV)
ΔE

(mV)
ipa

(μA cm−2)
ipc

(μA cm−2)
ipa/ipc

0

300 300 114 186 2.49 3.43 0.72
200 295 131 164 2.01 2.63 0.76
100 284 144 140 1.55 1.97 0.78
50 283 167 116 1.16 1.47 0.79
25 281 166 115 0.81 1.03 0.79
10 283 168 115 0.58 0.74 0.78

SPCE-RGO

300 435 258 177 0.52 0.50 1.04
200 428 254 174 0.45 0.45 1
100 421 258 163 0.35 0.44 1.03
50 417 264 153 0.28 0.29 0.96
25 416 270 146 0.19 0.19 1
10 410 279 131 0.11 0.11 1

SPCE-
RGO/PDPA-

PDITC-G-anti-
EGFR/
EGFR

300 345 147 198 0.3 0.28 1.07
200 343 148 195 0.26 0.25 1.04
100 341 150 191 0.23 0.21 1.09
50 338 152 186 0.19 0.18 1.06
25 334 155 179 0.16 0.15 1.07
10 330 160 170 0.10 0.09 1.11
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In the case of Au electrode, the ratio between current densities of the anodic and
cathodic peaks is different from one. In the case of the electrodes SPCE-RGO, SPCE-
RGO/PDPA-PDITC-G-anti-EGFR/EGFR, the values of the ratio between current densities
of the anodic and cathodic peaks is ~1. Regardless of the electrode type, i.e., Au, SPCE-
RGO, and SPCE-RGO/PDPA-PDITC-G-anti-EGFR/EGFR, the potential of separation of
the anodic and cathodic peaks has a difference of 56.5/n, where n corresponds to the
number of electrodes involved in the electrochemical process. These results indicate that at
the electrode–electrolyte interface, an irreversible process occurs.

This process must to be understood by the electrostatic interaction between the posi-
tively charged amine entities of the SPCE-RGO/PDPA-PDITC-G-EGFR antibodies/EGFR
platform and negative charges of [Fe(CN)6]3−/4−.

4. Conclusions

In this work, new optical evidence of the assembly process of sensors based on RGO
sheets functionalized with PDPA in a doped state are reported by Raman scattering and
FTIR spectroscopy. Our results allow us to conclude that:

i. the interaction of the SPCE-RGO /PDPA platform with PDITC leads to a covalent
functionalization of this platform, evidenced by an up-shift of the Raman line, from
1176 to 1189 cm−1, and the appearance of a new Raman line at 1133 cm−1;

ii. the successive interactions of the SPCE-RGO/PDPA-PDITC with protein G, EGFR an-
tibodies, and EGFR were highlighted by (a) new Raman lines at 1260, 1456, 1465, and
1520 cm−1 belonging to PDITC, protein G, EGFR antibodies, and EGFR, respectively,
and (b) the IR spectra by the appearance of new IR bands at 1699 and 1780 cm−1; and

iii. at the interface of the SPCE-RGO/PDPA-PDITC-G-EGFR antibodies/EGFR platform
with K3[Fe(CN)6]/K4[Fe(CN)6] solution in PB with a pH equal to 7.4, the irreversible
processes were reported.
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Abstract: Surface mechanical attrition treatment (SMAT) is an effective method to accelerate the
nitriding process of metallic materials. In this work, a novel technique named surface nano-alloying
(SNA) was developed on the basis of surface mechanical attrition treatment, which was employed
as a pretreatment for the nitriding of low carbon steel materials. The microstructure and surface
properties of treated samples were investigated by SEM, XRD, TEM and the Vickers hardness test.
Experimental results showed that a surface alloying layer (Cr element) of about 10–20 μm in thickness
was formed on the low carbon steel sample after the surface nano-alloying treatment. After nitriding
for the SNA sample, a complex compound layer composed of Fe2–3N, FeCr and Cr2N phases was
fabricated. Moreover, the thickness of this compound layer was about 50 μm. Meanwhile, both
the surface hardness and wear resistance of the SNA nitrided sample are better that those of the
SMAT nitrided sample. This work offers a new approach for improving the nitriding process of
steel materials.

Keywords: surface mechanical attrition treatment; surface nano-alloying; nitriding; diffusion;
surface properties

1. Introduction

Surface mechanical attrition treatment (SMAT) is an effective surface modification technique to
improve the surface properties of metallic materials including hardness, wear and corrosion resistance
by server plastic deformation [1–8]. Using SMAT, different microstructures can be obtained within the
deformed surface layer through the depth from the treated surface to the strain-free matrix, i.e., from
nano-sized grains to sub-micro-sized and micro-sized crystalline on a bulk material [1,3–6]. Previous
studies showed that the atom diffusion ability on SMATed materials was significantly enhanced due
to the formation of a large number of grain boundaries or other defects (vacancy, dislocation and
interfaces) by SMAT [9–14]. For example, Tong and Zhang showed that the gaseous nitriding of
a SMATed pure iron plate and the plasma nitriding of a SMATed AISI 304 stainless steel specimen
were also achieved recently at 300 ◦C and 400 ◦C, respectively. These temperatures are evidently lower
than those in conventional nitriding processes (500–550 ◦C) [9,10]. In addition, the experiment of
chromizing behaviors of the SMATed steel sample showed that the formation temperature of chromium
compounds was found to be much lower and the amount of chromium carbides was higher than those
in the coarse-grained counterpart [11]. Moreover, the significantly enhanced aluminizing behaviors
of a low carbon steel at temperatures far below the austenitizing temperature, with a nanostructured
surface layer produced by surface mechanical attrition treatment, was found to show us that SMAT
seems to be appropriate for enhancing the atom diffusion ability efficiently [12].
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As we know, mechanical alloying (MA) is a well-established method to prepare metastable
phases (such as supersaturated solid solutions) by energetic collisions in a ball mill [15]. Additionally,
surface mechanical alloying (SMA) was developed based on MA to fabricate coatings on metallic
materials via ball milling [16]. Recently, a novel surface technology named surface nano-alloying
(SNA) was developed on the basis of SMAT to fabricate a nanocrystalline composite surface on
metallic materials [17–21]. Commonly, a small amount of alloy powder was added to the chamber
before the SMAT process. Subsequently, the impacts of the milling balls delivered particles from the
powder charge and attached them to the surface. Furthermore, due to the formation of a large number
of deformation-induced non-equilibrium grain boundaries, non-equilibrium excessive vacancies
and other defects, such as dislocations, twins and lattice strains induced by SMAT, the surface
becomes chemically active, which may promote interdiffusion between the alloy element and substrate.
Ultimately, a composite surface including the supersaturated solid solution, intermetallic compound
and amorphous phases can be formed by this method [22]. At present, this method has become a hot
topic in the surface engineering field. For example, Du et al. showed that Ni powders were welded
into the surface of iron plates by SMAT [22]. Révész et al. illustrated that Cu plates were coated
mechanically with a mixture of Ti and Zr powders via a combination of deposition, wear, deformation
and defect-enhanced diffusion processes [23].

In this paper, surface nano-alloying was employed as a pretreatment for a low carbon steel
sample. Subsequently, the nitriding behaviors of the surface nano-alloying sample were investigated
in comparison with those of original and SMATed samples.

2. Materials and Methods

A 20 steel plate (4 × 100 × 100 mm3 in size) with chemical composition of (in wt.%): 0.2 C, 0.17 Si,
0.5 Mn, 0.25 Cr, 0.035 P (max.), 0.035 S (max.) and balance Fe, was used in the present study. The
as-received sample was annealed at 950 ◦C for 1 h in vacuum to eliminate the effect of mechanical
deformation and to obtain homogeneous coarse grains. Prior to surface nano-alloying, the specimens
were machined and surface-polished with silicon carbide paper to grade 1200.

SNA was performed in a vacuum chamber as the schematic diagram of the experimental apparatus
shown in Figure 1. GCr15 steel balls with a diameter of 4 mm and about 1 g Cr powders were placed
at the bottom of the chamber. This chamber was vibrated by a generator with a frequency of 50 Hz.
The balls generated mechanical attrition on the surface of iron plate, producing plastic deformation in
the surface layer, and welding of the Ni powders onto the surface of sample. In this work, the sample
was treated for 60 min. Subsequently, the samples were treated by plasma nitriding at 550 ◦C for 4 h.
The processing of plasma nitriding was described in our previous work [24].

Figure 1. The schematic diagram of SNA processing.

The phase information of treated samples were analyzed by a X Pert Pro PW3040/60 X-ray
diffractometer (XRD) (Panalytical, Almelo, The Netherlands) using Cu Kα radiation (40 kV, 40 mA).
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Cross-sectional morphologies of various samples were observed by using Zeiss Ultra 55 scanning
electron microscope (SEM) (Zeiss, Oberkochen, Germany). The element concentrations through the
cross-section were analyzed by EDS (Zeiss, Oberkochen, Germany). Microstructure characterizations
were also examined by using a Jeol-4000FX transmission electron microscope (TEM) (Jeol, Tokyo,
Japan) with an operating voltage of 200 kV. The samples for TEM observation were prepared by
grinding and mechanical polishing followed by ion-thinning at lower temperature.

Microhardness (HV) tests on the experimental samples were performed on a L101MVD model
Vickers microhardness tester (Mitutoyo, Tokyo, Japan). The testing was carried out at a load of 25 g
with duration of 10 s. Wear resistance tests were carried out on Optimol SRV®tribometer (Optimol,
Berlin, Germany) with WC-6% Co ball. The duration of test is 30 min and the loads are 5 N, 15 N, 30 N,
and 50 N, respectively. The wear volume loss was calculated by Archard formula.

3. Results and Discussion

3.1. Microstructure of SNA Sample

After SNA, the visual color of the sample surface changed from silver-white to gray-black,
indicating the introduction of impurities into the surface layer during SNA. Figure 2 shows
the cross-sectional SEM image and the corresponding EDS analysis of the SNA sample. It can be
seen that the microstructure of the SNA sample were taken from different regions. Evidently, severe
plastic deformation during the SNA process results in an inhomogeneous and non-uniform surface
alloying layer (Cr element). The maximum thickness of the alloying layer can exceed 20 μm in some
regions. In addition, a deformed layer (substrate) of about 100 μm in thickness can be found below
the alloying layer.

Figure 2. Cross-sectional morphology of SNA sample (a) and the corresponding EDS element mapping
images: (b) Cr, (c) Fe.

3.2. Microstructure of SNA Sample after Nitriding

The image shown in Figure 3 is the cross-sectional SEM microstructure of the SNA sample after
nitriding at 550 ◦C for 4 h, in comparison with that of the SMAT sample after nitriding at the same
conditions. For the SMAT nitrided sample, the nitrided layer includes the compound layer, transition
zone and diffusion layer from the surface to the inside, respectively, as shown in Figure 3a. The
compound layer thickness in the SMAT nitrided sample is 30 μm. However, an obviously different
microstructure was detected on the SNA nitrided sample. As shown in Figure 3b, it can be observed
that a complex compound layer about 50 μm thick was formed on the SNA nitrided sample. Especially,
the overall compound layer can be categorized into three parts from the top surface into the interior.
The outermost layer is very dense, the thickness of which is about 20 μm. The middle layer displays
a needle-like shape and the inner layer is not uniform. The formation of the complex compound layer
may originate from the interdiffusion between nitrogen, chromium and ferrite atoms.
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Figure 3. Cross-sectional SEM images of SMAT nitrided sample (a) and SNA nitrided sample (b).

To further investigate the phase information of the SNA nitrided sample, the XRD analysis was
employed and its results are shown in Figure 4. It can be observed that the surface layer of the SMAT
nitrided sample consists of Fe2–3N and Fe4N phases. However, in the SNA sample nitrided under
the same conditions, strong FeCr and Cr2N phase diffraction peaks can be observed, indicating that
interdiffusion may happen during the nitriding process. These results can be confirmed by the TEM
observation and the corresponding selected area electron diffraction (SAED, shown in Figure 5). From
the TEM results, it can be seen that the composition of the surface layer of the SNA nitrided sample was
found to be composed of an ultrafine polycrystalline compound. The phases include Fe2–3N, FeCr and
Cr2N, and these results are in agreement with the XRD analysis. As we know, SMAT can enhance the
nitrogen diffusion ability in pure iron materials and result in significantly improved surface properties
relative to those of the coarse-grain nitrided sample due to the “nano-effect”. In this paper, the SNA
method can not only offer the “nano-effect”, but it also brings the alloy element into the nitrides, which
may have a significant impact on the hardness and wear resistance, as will be shown later.

Figure 4. XRD pattern of two kinds of samples.

Figure 5. TEM observation (a) and corresponding SAED (b) of SNA nitrided sample.
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3.3. Surface Properties of SNA Nitrided Sample

The variation of the hardness along the depth in the SNA sample nitrided at 550 ◦C is shown in
Figure 6, in comparison with that of the SMAT sample nitrided in the same conditions. It should be
noted that a hardness value of 1168 HV was obtained on the surface layer of the SNA nitrided sample,
which is a significantly higher value than that recorded for the SMAT nitrided sample (846 HV). The
variation of the hardness along the depth revealed the presence of a hardened surface layer, which was
defined by the distance from the surface to the point where the microhardness was 50 HV higher than
that in the matrix. This hardened surface layer is more than 350 μm in thickness for the SNA nitrided
sample. In comparison, the hardness was approximately 846 HV at the surface and decreased sharply
to the substrate value within 280 μm of the surface of the SMAT nitrided sample.

Figure 6. Hardness variations along the depth of both the SNA nitrided sample and the SMAT
nitrided sample.

Measurements of volume losses of wear scars at various loads ranging from 5 to 50 N were
performed on the SNA nitrided sample and the SMAT nitrided sample, respectively, as depicted in
Figure 7. The wear volume loss values of both samples increased with the longer testing time, but
the wear volume losses of the SNA nitrided sample were remarkably smaller than those of the SMAT
nitrided sample for each sliding time. For example, the wear loss of the SNA nitrided sample was less
than one half of that of the SMAT nitrided sample at load of 50 N. This observation indicates that the
wear resistance of the SNA nitrided sample is better than that of the SMAT nitrided sample.

Figure 7. Variations in the wear volume losses with load of both the SNA nitrided sample and the
SMAT nitrided sample.
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4. Conclusions

The nitriding behavior of low carbon steel with a nano-alloying surface layer induced by SMAT
with Cr powders was investigated in comparison with that of the SMAT sample after nitriding at the
same conditions. The following conclusions were reached:

• After the surface nano-alloying treatment, a surface alloying layer (Cr element) of about 10–20 μm
in thickness was formed on the low carbon steel sample. Additionally, a deformed substrate layer
of about 100 μm can be detected at the subsurface.

• After nitriding for the SNA sample, a complex compound layer composed of Fe2–3N, FeCr and
Cr2N phases was fabricated. Moreover, the thickness of this compound layer is about 50 μm.

• Both the surface hardness and wear resistance of the SNA nitrided sample are better than those of
the SMAT nitrided sample.
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Abstract: (Meth)acrylic terpolymers carrying siloxane (Si), fluoroalkyl (F) and ethoxylated (EG) side
chains were synthesized with comparable molar compositions and different lengths of the Si and EG
side chains, while the length of the fluorinated side chain was kept constant. Such terpolymers were
used as surface-active modifiers of polydimethylsiloxane (PDMS)-based films with a loading of 4 wt%.
The surface chemical compositions of both the films and the pristine terpolymers were determined
by angle-resolved X-ray photoelectron spectroscopy (AR-XPS) at different photoemission angles.
The terpolymer was effectively segregated to the polymer−air interface of the films independent of
the length of the constituent side chains. However, the specific details of the film surface modification
depended upon the chemical structure of the terpolymer itself. The exceptionally high enrichment in
F chains at the surface caused the accumulation of EG chains at the surface as well. The response
of the films to the water environment was also proven to strictly depend on the type of terpolymer
contained. While terpolymers with shorter EG chains appeared not to be affected by immersion in
water for seven days, those containing longer EG chains underwent a massive surface reconstruction.

Keywords: surface-active polymer; surface segregation; surface modification; amphiphilic polymer;
polysiloxane; fluoropolymer; PEGylated polymer; X-ray photoelectron spectroscopy

1. Introduction

The dispersion of non-reactive surface-active additives is generally regarded as a facile and
straightforward method to modify the surface properties of a polymer film without affecting its bulk
properties to a significant extent [1–4]. The surface segregation process and, therefore, the selective
accumulation of the additive at the interface with the external environment (air, water, organic vapors)
is a complex phenomenon that depends on several factors that may add to each other, including
the additive molecular structure and composition, molecular weight, surface tension, chemical
compatibility with the host matrix and chemical affinity with the external environment [5–10]. A special
class of surface-active additives consists of amphiphilic copolymers [11–13]. Random copolymers
in particular have gained a great deal of interest in the last decade being their synthesis easier and
more suitable for an industrial scale production than the block copolymer counterparts [14]. Notably,
random copolymers have been proven to generate nanostructured materials as a result of their
self-assembling in solution [15–20], bulk and at the surface of polymer thin films [4,21]. In the
field of coatings, surface-active additives have been utilized for several purposes, especially for the
development of antifouling (AF)/fouling-release (FR) coatings to combat marine biofouling [12]. In this
regard, reactive [22–25] and non-reactive amphiphilic copolymers [21,26–29] generally composed
of poly(ethylene glycol) (PEG) chains, as the hydrophilic component, and polysiloxane and/or
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fluoropolymer chains, as the hydrophobic component, have been investigated. The hydrophilic
component of election is PEG on the basis of its known high resistance to the adhesion of proteins,
bacteria, cells and marine organisms [30,31]. Moreover, fluorinated and siloxane chains, besides
performing a FR action attributed to their hydrophobicity [32,33], can also play other distinct roles.
In particular, fluorinated chains are anticipated to promote the diffusion and accumulation of the
entire copolymer to the coating surface, as a result of their ability to self-segregate and self-organize
at the outermost surface layers of polymer films [34–36]. Polysiloxane chains are also known
to have a low surface tension behavior, albeit this character is not so distinct as for fluorinated
chains [37–39], and have been introduced into several types and architectures of polymers to modify
the surface properties [40,41]. However, in this case, the main role of polysiloxane chains is to act as a
compatibilizer with the host elastomeric polydimethylsiloxane (PDMS) matrix to prevent macrophase
separation. Moreover, low modulus PDMS-based films are generally thought to favor removal of
marine organisms by a peeling-like, lower-energy mechanism [33,42].

In this work, we prepared novel amphiphilic films composed of a condensation-cured PDMS
matrix, in which an opportunely designed surface-active amphiphilic terpolymer was physically
dispersed in order to modify the surface structure and property of the films derived therefrom.
The synthesized terpolymers, consisting of a (meth)acrylic backbone carrying fluorinated (F),
ethoxylated (EG) and siloxane (Si) side chains, possessed comparable mole percentages of each
type of side chains, but different lengths of the EG and Si and chains, while the length of the F chain
was fixed. In particular, we studied the surface nanoscale composition and surface segregation of
the terpolymer by means of angle-resolved X-ray photoelectron spectroscopy (AR-XPS). Interestingly,
we found that the chemical composition of the PDMS-based films within the first few nanometers
(~3 nm) of the surface was almost equal to that of the corresponding pristine terpolymer included in
the formulation, independent of its chemical structure. However, the amount of each element at the
surface as well as the effectiveness of surface segregation were strongly affected by the structure of
the terpolymer itself. A peculiar reconstruction of the film surface was found when the PDMS-based
films were immersed in water, which unexpectedly did not result in an increased concentration of the
hydrophilic EG chains at the outer surface to contact water.

2. Materials and Methods

2.1. Materials

1H,1H,2H,2H-perfluorooctyl acrylate (F) (Fluorochem, 97%), polyethyleneglycol methyl ether
methacrylate (EGa (Mn = 300 g mol−1) and EGb (Mn = 1100 g mol−1)), bismuth neodecanoate
(BiND) (all from Aldrich), monomethacryloxypropyl-terminated poly(dimethyl siloxane) (Sia (Mn

= 1000 g mol−1) and Sib (Mn = 5000 g mol−1)), bis(silanol)-terminated poly(dimethyl siloxane)
(HO-PDMS-OH (Mn = 26,000 g mol–1, 0.1% OH)), poly(diethoxy siloxane) (ES40) (all from ABCR) were
used as received. 2,2’-azobis-isobutyronitrile (AIBN) (from Fluka) was recrystallized from methanol.
Diethylene glycol dimethyl ether (diglyme) was kept at 100 ◦C over sodium for 4 h and then distilled
under reduced pressure.

2.2. General Procedure for the Preparation of Terpolymers

In a typical preparation of a terpolymer p(Sib-F-EGb), monomers Sib (3.400 g, 0.68 mmol),
F (0.860 g, 2.05 mmol) and EGb (0,780 g, 0.71 mmol), free-radical initiator AIBN (53,7 mg) and
anhydrous solvent diglyme (20 mL) were introduced into a Carius tube. The solution was outgassed
by four freeze-pump-thaw cycles. The polymerization reaction was let to proceed under stirring at
65 ◦C for 72 h. The crude product was purified by several precipitations from chloroform solutions
into methanol (yield 48%). The obtained terpolymer p(Sib-F-EGb) contained 26 mol% Sib, 45 mol% F
and 29 mol% EGb (Mn = 21000 g mol–1, Mw/Mn = 2.2).
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1H-nuclear magnetic resonance (NMR) (CDCl3): δ (ppm) = 4.6–3.8 (COOCH2), 3.8–3.5 (CH2O),
3.4 (OCH3), 2.5 (CF2CH2), 2.1–0.7 (CH2CCH3, CH2CH, COOCH2CH2CH2Si, SiCH2CH2CH2CH3),
0.5 (SiCH2), 0.1 (SiCH3).

19F-NMR (CDCl3/CF3COOH): δ (ppm) = –5.5 (CF3), –38.5 (CF2CH2), –46 to –48 (CF2),
–51 (CF2CF3).

Fourier transform-infrared (FT–IR) (film): (cm–1) = 2963–2906 (ν C–H aliphatic), 1738 (ν C=O
ester), 1260 and 799 (ν Si–CH3), 1207–1020 (ν C–F, ν C–O, ν Si–O), 662 (ω CF2).

2.3. Preparation of Films

Glass slides (76 × 26 mm2) were rinsed with acetone and dried in an oven for 30 min. A solution of
HO-PDMS-OH (5.0 g), ES40 (0.125 g) and BiND (50 mg) in ethyl acetate (25 mL) was spray-coated onto
the glass slides using a Badger model 250 airbrush (50 psi air pressure). The films were dried at room
temperature for a day and annealed at 120 ◦C for 12 h to form a thin bottom layer (thickness ~2 μm).
On top of it, a solution of the same amounts of HO-PDMS-OH, ES40 and BiND with a terpolymer
p(Si-F-EG) (200 mg) in ethyl acetate (20 mL) was cast and cured at room temperature for a day and later
at 120 ◦C for 12 h to give a thicker top layer (overall thickness ~200 μm). The blend films containing
4 wt% terpolymer (with respect to the PDMS matrix) in the top layer were named p(Si-F-EG)4. A film
of PDMS alone was also prepared in the same way as a standard film.

Films of the pristine terpolymers were prepared by spin-coating (5000 rpm for 20 s) a filtered
3 wt% solution in chloroform and dried at room temperature for 12 h and then at 120 ◦C for 12 h
(thickness ~200 nm).

2.4. Characterization

1H-NMR and 19F-NMR spectra were recorded with a Varian Gemini VRX300 spectrometer
(Palo Alto, CA, USA) on CDCl3 and CDCl3/CF3COOH solutions, respectively. Gel permeation
chromatography (GPC) analyses were carried out using a Jasco PU–1580 liquid refractive index
detector (Hachioji-shi, Tokyo, Japan). CHCl3 was used as an eluent with a flow rate of 1 mL min–1 and
poly(methyl methacrylate) standards were used for calibration.

Differential scanning calorimetry (DSC) analysis was performed with a Mettler DSC-30 instrument
(Columbus, OH, USA) from –150 to 80 ◦C at heating/cooling rate of 10 ◦C min–1 under a dry nitrogen
flow. The glass transition temperature (Tg) was taken as the inflection temperature in the second
heating cycle.

Contact angles were measured by the sessile droplet (10 μL) method with a FTA200 Camtel
goniometer (Portsmouth, VA, USA), using water (θw) (J. T. Baker, HPLC grade) as wetting liquid after
10 s from deposition.

Atomic force microscopy (AFM) experiments under ambient conditions were carried out in
intermittent contact (tapping) mode with a Multimode system equipped with a Nanoscope IIIa
controller (Veeco Instruments, New York, USA) using silicon cantilevers with a nominal force constant
of 42 N m–1 from Olympus type OMCL-AC160TS (Tokyo, Japan) at a resonance frequency of about
320 kHz. The scan rate was kept at 1 Hz, while the tip–sample forces were carefully minimized to
avoid artifacts. Tip radius of less than 7 nm (manufacturer’s information) was used. To quantify
the variation in the microscale structure of the coatings, the root-mean-square roughness (RMS) was
determined over regions of 1 × 1 μm2 and 10 × 10 μm2:

RMS =

√√√√ 1
m n

n

∑
j=1

m

∑
i=1

Z2(xi, yj) (1)

with Z the height and x, y the in-plane coordinates stored by the AFM software (version 6.13).
X-ray photoelectron spectroscopy (XPS) spectra were recorded by using a Perkin-Elmer PHI

5600 spectrometer (Chanhassen, MN, USA) with a standard Al-Kα source (1486.6 eV) operating at
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300 W. The working pressure was less than 10–8 Pa. The spectrometer was calibrated by assuming
the binding energy (BE) of the Au 4f7/2 line to be 84.0 eV with respect to the Fermi level. Extended
(survey) spectra were collected in the range 0−1350 eV (187.85 eV pass energy, 0.4 eV step, 0.05 s step–1).
Detailed spectra were recorded for the following regions: C(1s), O(1s), Si(2p) and F(1s) (11.75 eV pass
energy, 0.1 eV step, 0.1 s step–1). The standard deviation (SD) in the BE values of the XPS line was
0.1 eV. The spectra were recorded at two photoemission angles ϕ (between the surface normal and
the path taken by the photoelectrons) of 70◦ and 20◦, corresponding to sampling depths d of ~3 nm
and ~9 nm, respectively (d = d0 cosϕ, where d0 is the maximum information depth (d0 ~10 nm for the
C(1s) line)). The software used for background subtraction (Shirley type) [43] and quantitative analysis
was the PHI software (version 5.2) for data collection in PHI 5600ci Multitechnique (Chanhassen,
MN, USA). The atomic percentage was evaluated using the PHI sensitivity factors (considering both
the cross-section and the beam out depth) with triplicate measurements on different film spots and the
estimated experimental error was ±0.5% [44]. To take into account charging problems, the C(1s) peak
was considered at 284.5 eV and the peak BE differences were evaluated. The XPS peak fitting procedure
was carried out by means of Voigt functions and the results evaluated through the χ2 function [45].
The deconvolution of XPS signals was performed with the software Igor Pro.

3. Results and Discussion

3.1. Synthesis of Terpolymers

Amphiphilic terpolymers p(Si-F-EG) with siloxane, fluorinated and ethoxylated side chains
were prepared by free-radical polymerization of monomethacryloxypropyl-terminated poly(dimethyl
siloxane) (Si), 1H,1H,2H,2H-perfluorooctyl acrylate (F) and polyethyleneglycol methyl ether
methacrylate (EG). The terpolymers were characterized by a similar molar content of the three co-units,
but differed in the average lengths, i.e. the average number degrees of polymerization of the EG and
Si side chains, m ~4 (EGa) and m ~22 (EGb) and n ~11 (Sia) and n ~65 (Sib), while that of the F side
chain was fixed (6 CF2 groups) (Scheme 1). The formation of terpolymers was confirmed by 1H-NMR,
19F-NMR and FT-IR analyses. Their chemical composition was evaluated from the integrated areas of
the signals at 0.5 ppm (SiCH2 of Sia and Sib), 2.5 ppm (CH2CF2 of F) and 3.3 ppm (OCH3 of EGa and
EGb). Therefore, by alternatively changing the length of the siloxane and ethoxylated chains it was
possible to modify the content of hydrophobic/hydrophilic co-units, that is the amphiphilic character,
of the surface-active terpolymer and the eventual ability of the film surface to interact/reconstruct
after immersion in water.

 

Scheme 1. Synthesis of amphiphilic terpolymers p(Si-F-EG) consisting of x, y, and z mol% co-units
carrying Si, F, and EG side chains, respectively.

The thermal behavior of the terpolymers strictly depended on the type of the constituent co-units
(Table 1). In particular, p(Sia-F-EGa) was completely amorphous and showed two glass transition
temperatures (Tg) at −124 ◦C and −52 ◦C similar to those of the corresponding homopolymers p(Sia)
and p(EGa), respectively. Differently, p(Sib-F-EGb) showed two melting transitions at −53 ◦C and
21 ◦C due to the longer Sib and EGb side chains, respectively, in addition to a Tg at −129 ◦C typical
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of the siloxane chain. The Tg of the EGb, expected at ca. −60 ◦C, was not detected because it was
superimposed to the melting peak of the Sib (Figure S1). p(Sib-F-EGa) displayed an intermediate
behavior showing only the two thermal transitions of the longer polysiloxane Sib, while the Tg of the
shorter EGa was hidden by the melting peak of the Sib. These results indicate that all the terpolymers
were microphase separated in the bulk in EG-rich and Si-rich domains, each of which displayed the
thermal behavior of the respective homopolymer.

Table 1. Physical-chemical properties of terpolymers p(Si-F-EG).

Terpolymer
Composition a)

(mol%)
Mn

b)

(g/mol)
Mw/Mn

b) Tg,Si
c)

(◦C)
Tg,EG

c)

(◦C)
Tm,Si

c)

(◦C)
Tm,EG

c)

(◦C)

p(Sib-F-EGb) 26/45/29 21000 2.22 –129 - –53 21
p(Sib-F-EGa) 22/52/26 21000 2.06 –129 - –54 -
p(Sia-F-EGa) 19/58/23 9000 2.94 –124 –52 - -

a) Mole percentage of siloxane (Si), fluorinated (F) and ethoxylated (EG) side chains in the terpolymer. b) By gel
permeation chromatography (GPC). c) Glass transition temperature and melting temperature of Si and EG.

The amphiphilic terpolymers were used as non-reactive, physically dispersed surface-active
additives in condensation cured PDMS matrices. The terpolymers were dissolved in ethyl acetate
together with the bis(silanol)-terminated PDMS matrix and the ES40 cross-linker, in the presence
of bismuth neodecanoate as catalyst. The solution was cast on glass slides, previously modified by
deposition of a thin layer (~2 μm) of cross-linked PDMS. This bottom thinner layer acted as a primer
to improve adhesion between the glass substrate and the film formulation (overall thickness ~200 μm)
to avoid delamination of the film during the subsequent tests upon immersion in water.

Each terpolymers were dispersed in a 4 wt% content with respect to the PDMS matrix in the top
layer and the corresponding films were named p(Si-F-EG)4.

3.2. Surface Segregation of the Amphiphilic Surface-Active Terpolymer

Surface segregation of the terpolymer in the condensation-cured matrix films was investigated by
AR-XPS at photoemission angles ϕ of 70◦ and 20◦. The survey spectra of the samples did not show the
presence of elements other than Si, C, O, and F (Figure 1). The XPS atomic surface compositions of the films
p(Si-F-EG)4 are reported in Table 2 together with those of the respective terpolymers. For comparison,
the calculated theoretical values for ideal homogeneous samples are also added in Table 2.

Figure 1. X-ray photoelectron spectroscopy (XPS) survey spectra for the amphiphilic
polydimethylsiloxane (PDMS)-based film p(Sia-F-EGa)4 (dashed line) and the respective terpolymer
p(Sia-F-EGa) (continuous line) at ϕ of 70◦ (red) and 20◦ (black).
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Table 2. XPS atomic surface composition of amphiphilic PDMS-based films p(Si-F-EG)4 and respective
terpolymers p(Si-F-EG). The errors on the values of composition were estimated to be ±0.5%.

Film ϕ (◦) C (%) O (%) F (%) Si (%) Cexp/Ctheor Oexp/Otheor Fexp/Ftheor Siexp/Sitheor

p(Sib-F-EGa)
theor. 51.4 22.0 8.4 18.2

70 42.2 13.4 37.7 6.7 0.8 0.6 4.5 0.4
20 45.2 20.3 20.5 14.0 0.9 0.9 2.4 0.8

p(Sib-F-EGb)
theor. 54.0 24.2 5.5 16.3

70 44.7 17.1 29.9 8.3 0.8 0.7 5.4 0.5
20 47.0 22.3 17.3 13.4 0.9 0.9 3.1 0.8

p(Sia-F-EGa)
theor. 52.3 16.6 23.9 7.2

70 43.5 10.0 44.1 2.4 0.8 0.6 1.8 0.3
20 45.7 14.3 34.8 5.2 0.9 0.9 1.5 0.7

p(Sib-F-EGa)4
theor. 50.0 24.9 ~0.4 24.7

70 41.1 11.2 43.0 4.7 0.8 0.4 107.5 0.2
20 45.9 18.8 23.3 12.0 0.9 0.8 58.3 0.5

p(Sib-F-EGb)4
theor. 50.2 25.0 ~0.2 24.6

70 42.8 15.8 34.2 7.2 0.9 0.6 171.0 0.3
20 48.0 22.7 16.8 12.5 1.0 0.9 84.0 0.5

p(Sia-F-EGa)4
theor. 50.1 24.6 1.1 24.2

70 42.6 10.1 45.4 1.9 0.8 0.4 41.2 0.1
20 46.3 12.3 37.9 3.5 0.9 0.5 34.4 0.1

All the pristine terpolymer films showed a high enrichment in fluorine at the surface, the fluorine
atomic percentage (Fexp) being higher than the theoretical value (Ftheor) for all the samples. However,
while Fexp was higher for p(Sia-F-EGa) with a larger Ftheor, the Fexp/Ftheor ratio was found to decrease
from 5.4 and 4.5 down to 1.8 in going from p(Sib-F-EGb) and p(Sib-F-EGa) to p(Sia-F-EGa) (ϕ = 70◦).
Thus, a longer siloxane chain (Sib, n ~65) promoted a more effective surface segregation of the
terpolymer than a shorter one (Sia, n ~11). Consistently, the Siexp/Sitheor ratio followed the same
trend, passing from 0.5 and 0.4 down to 0.3. Because of the great enrichment in fluorine in the top few
nanometers, the atomic percentages of all the other elements C, O and Si were significantly lower than
the theoretical ones. Moreover, the atomic percentages varied with ϕ. In particular, the F percentage
markedly increased, whereas the C, O and Si percentages decreased with increasing ϕ. Thus, there was
a composition gradient along the normal to the film surface into the bulk.

It was surprising that the surface chemical composition of the PDMS-based films containing
4 wt% terpolymer did not differ significantly from that of the respective pristine terpolymer and
the Fexp was even slightly higher for all the PDMS-based films, despite the fact that PDMS was the
largely major component (96 wt%) in all formulations. Thus, neither the thickness of the film nor
the presence of the PDMS matrix affected the surface migration of the fluorinated side chains to a
significant extent. Similar findings were reported for hydrophobic, i.e. not amphiphilic, (meth)acrylic
copolymers containing siloxane and fluorinated side chains, for which a very effective surface
segregation was found [9,46]. The observed surface enhancement in fluorine content resulted in
an exceptionally high value of Fexp/Ftheor, varying from 41.2 for p(Sia-F-EGa), to 107.5 for p(Sib-F-EGa)
up to 171.0 for p(Sib-F-EGb). Accordingly, a strong decrease in Siexp was also observed for all the films,
and in particular for p(Sia-F-EGa)4 with the higher amount of fluorine at the surface and the shorter
siloxane chains.

The C(1s) high resolution spectra for the PDMS-based films and the terpolymers are shown in
Figure 2. In all cases the C(1s) signal was resolved in five contributions, as is shown for p(Sib-F-EGa)4,
as a representative illustration, in Figure 3: (i) C−C and C−Si at 284.5 eV, (ii) C−O at 286.1 eV,
(iii) C(=O)O at 289.1 eV, (iv) CF2 at 291.7 eV and (v) CF3 at 294.1 eV. From a qualitative point of
view, the most striking finding was that the individual components of the C(1s) spectra of the blend
films almost fully overlapped those of the respective terpolymers. This finding demonstrates that
the amphiphilic terpolymer was completely located to the polymer−air interface of the PDMS-based
films, independent of the length of the EG or Si chains, and the structural arrangement of each
constituent at the molecular level was basically the same for the terpolymer whether alone or in the
blend. Although the peaks (ii) to (v) had almost the same intensities in the blends and respective
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terpolymers, a decrease in the intensity of peak (i) was observed, especially for the formulations
containing p(Sib-F-EGa) and p(Sib-F-EGb), which is in agreement with a better segregation of the F
side chains to the topmost surface layers for these terpolymers, as already suggested by the Fexp/Ftheor
ratio (Table 3). Finally, one notes that the contribution due to C−O groups of the EG side chains
was also remarkably higher for all the films than the theoretical value calculated for the respective
terpolymers (Table 3). Thus, the EG side chains, in spite of their high surface energy, were pulled to the
outer surface by the lowest surface energy F side chains. In particular, films with the shorter Ea chains
displayed a larger surface enrichment in C−O groups (peak (ii), C−Oexp/C−Otheo ~5 and ~3 for
p(Sib-F-EGa) and p(Sia-F-EGa), respectively) with respect to films containing EGb (C−Oexp/C−Otheo
~1.3), owing to the higher mobility of the shorter EGa chains. The dependence of the surface segregation
of the EG chains on their chain length was also confirmed by the fact that the C−O percentage at
ϕ = 70◦ was higher than that at ϕ = 20◦ for the films containing EGa and lower for those containing
EGb (Table 3). Therefore, for copolymers containing EGa side chains the concentration of the EG
chains within the outer ~3 nm of the polymer−air interface was maximized, in spite of their high
surface energy (~43 mN m–1). On the other hand, the intensity of the peak associated with the Si−C
contribution markedly increased, while that of the CF2 signal significantly decreased and that of the
CF3 signal completely disappeared in some cases (Figure S2).

 
(a) (b) 

(c) 

Figure 2. Area-normalized XPS C(1s) spectra (ϕ = 70◦) for the amphiphilic PDMS-based films
p(Si-F-EG)4 (red) and the respective terpolymers p(Si-F-EG) (black). (a) p(Sia-F-EGa)4 and p(Sia-F-EGa);
(b) p(Sib-F-EGa)4 and p(Sib-F-EGa); (c) p(Sib-F-EGb)4 and p(Sib-F-EGb).
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φ

Figure 3. Deconvolution of the C(1s) XPS spectrum of p(Sib-F-EGa)4 (ϕ = 70◦).

Table 3. Percent contributions of peaks (i)–(v) to the XPS C(1s) signal for the amphiphilic PDMS-based
films p(Si-F-EG)4.

Film ϕ (◦) Peak (i) (%) Peak (ii) (%) Peak (iii) (%) Peak (iv) (%) Peak (v) (%)

p(Sib-F-EGa)4a,b) 70 29.1 32.3 4.8 27.2 6.6
20 61.0 24.3 3.5 11.2 -

p(Sib-F-EGb)4a,b) 70 44.5 32.0 4.4 14.4 4.7
20 50.6 38.3 2.6 8.5 -

p(Sia-F-EGa)4a,b) 70 14.6 38.0 6.0 34.7 6.7
20 35.0 27.6 9.1 23.3 5.0

a) Experimental percent contributions of peaks (i)–(v) for terpolymers p(Sib-F-EGa): 37.5%, 35.2%, 4.2%, 17.6%, 5.5%;
p(Sib-F-EGb): 49.8%, 31.4%, 3.2%, 12.5%, 3.1%; p(Sia-F-EGa): 16.2%, 40.1%, 5.3%, 32.1%, 6.3%. b) Theoretical percent
contributions of peaks (i)–(v) for terpolymers p(Sib-F-EGa): 80.0%, 10.0%, 2.4%, 6.3%, 1.3%; p(Sib-F-EGb): 67.5%
26.0%, 1.8%, 3.9%, 0.8%; p(Sia-F-EGa): 49.3%, 23.5%, 6.1%, 17.6%, 3.5%.

3.3. Surface Composition after Immersion in Water

In order to evaluate the response of the amphiphilic PDMS-based films to the water environment,
an AR-XPS analysis was also carried out on the films after immersion in water for 7 days. The chemical
composition of these film surfaces is however indicative of the actual composition as it represents
a kinetically trapped condition and not the equilibrium state reached by the polymer surface upon
immersion in water. The atomic compositions of the surfaces after water immersion are collected in
Table 4. Generally, the film surfaces were highly enriched in fluorine with respect to the theoretical
amount and its percent content decreased with decreasing ϕ, thus showing that a composition gradient
was maintained upon contact with water. On the other hand, the atomic percentages of all the other
elements were lower than the theoretical ones and increased with decreasing ϕ. However, the chemical
composition of the film surface as well as its modification upon immersion in water strictly depended
on the type of terpolymer introduced in the formulation. In particular, the films containing p(Sib-F-EGb)
underwent a surface reconstruction after immersion which resulted in a significant surface depletion
in F moieties and enrichment in Si and O. A similar trend, although less marked, was observed for the
film p(Sib-F-EGa)4, while the film p(Sia-F-EGa)4 did not display a significant variation in the atomic
percentages and only showed a slight increase in F upon immersion in water. Consistently, the C(1s)
signal of p(Sia-F-EGa)4 after immersion almost exactly overlapped the corresponding signal before
immersion, with a slight increase in the intensity of the peaks (iv) and (v) due to the CF2 and CF3

groups (Figure 4c). For p(Sib-F-EGa)4 the C(1s) signals before and after immersion were very similar,
with a slight increase in the intensity of peak (i) associated with the C−Si contribution (Figure 4a).
However, in neither case was an increase in the C−O contribution (peak (ii)) detected, indicating that
the amount of EG as well as F chains remained practically unchanged after immersion in water.
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Table 4. XPS atomic surface composition of the amphiphilic PDMS-based films p(Si-F-EG)4 after 7
days of immersion in water. The errors on the values of composition were estimated to be ±0.5%.

Film ϕ (◦) C (%) O (%) F (%) Si (%) Cexp/Ctheor Oexp/Otheor Fexp/Ftheor Siexp/Sitheor

p(Sib-F-EGa)4
theor. 50.0 24.9 ~0.4 24.7

70 43.4 14.7 34.3 7.6 0.9 0.6 85.7 0.3
20 47.8 20.0 19.9 12.3 1.0 0.8 49.7 0.5

p(Sib-F-EGb)4
theor. 50.2 25.0 ~0.2 24.6

70 45.0 21.7 21.6 11.7 0.9 0.9 108.0 0.5
20 48.9 24.6 11.2 15.3 1.0 1.0 56.0 0.6

p(Sia-F-EGa)4
theor. 50.1 24.6 1.1 24.2

70 40.3 10.2 47.3 2.2 0.8 0.4 43.0 0.1
20 43.5 12.6 40.5 3.4 0.9 0.5 36.8 0.1

φ

(a) (b) 

 
(c) 

Figure 4. Area-normalized C(1s) XPS spectra (ϕ = 70◦) for p(Sib-F-EGa)4 (a), p(Sib-F-EGb)4 (b) and
p(Sia-F-EGa)4 (c) before (red) and after (blue) immersion in water.

The comparison of C(1s) signals before and after immersion for p(Sib-F-EGb)4 revealed the
presence of significant differences, indicating that these films were subjected to a massive surface
reconstruction as a result of the combination of Sib, EGb and F chains in the same chemical structure.
The intensities of the peaks due to CF3, CF2 and C(=O)O moieties markedly decreased, while that
associated with C−Si increased (Figure 4b). Unexpectedly, the intensity of the signal due to the
C−O groups of the longer EGb chains decreased upon immersion in water (Figure 4b). However,
the C−O/(CF2 + CF3) ratio increased (Table 5), indicating that the hydrophilic/hydrophobic balance,
i.e. the amphiphilic character, of the film surface was larger after immersion.
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Table 5. Percent contributions of peaks (i)–(v) to the XPS C(1s) signal for the amphiphilic PDMS-based
films (ϕ = 70◦) after immersion in water for 7 days.

Film Peak (i) (%) Peak (ii) (%) Peak (iii) (%) Peak (iv) (%) Peak (v) (%)

p(Sib-F-EGa)4 33.7 30.4 4.6 24.6 6.7
p(Sib-F-EGb)4 66.7 27.1 - 6.2 -
p(Sia-F-EGa)4 13.2 38.3 4.2 37.3 7.0

Overall, it appears that, when F and EGa were combined in the same macromolecular structure,
the maximum concentration of the EG chains at the outermost surface (cf. C(1s) signal percentages
at ϕ = 70◦ and 20◦ for p(Sib-F-EGa)4 and p(Sia-F-EGa)4) did not provide the necessary driving
force for reconstruction, resulting in a chemical stability of the surface upon contact with water at
least for the investigated time of 7 days. A very different process occurred when F and EGb were
combined instead. A greater accumulation of the longer EGb chains in a region immediately below
the outer surface (cf. C(1s) signal percentages at ϕ = 70◦ and 20◦ for p(Sib-F-EGb)4) provided the
right drive for surface reconstruction, resulting from the tendency of the EG chains to migrate to
contact water. Actually, a reconstruction mechanism appears mainly to involve the migration of the
hydrophobic fluorinated chains away from the polymer−water interface, rather than the migration of
the hydrophilic ethoxylated chains toward the surface, as suggested by the reduction in the amount of
C−O groups after immersion in water. This was possibly due to the effect of the concomitant presence
of F chains that mechanically dragged part of the EG chains into the film bulk, thus preventing the
effective migration of the latter to the polymer−water interface. However, the decrease in the F chains
was much more marked than that in the EG ones, resulting in an increased C−O/(CF2 + CF3) ratio and
consistently in a higher hydrophilicity of the whole system. This peculiar reconstruction mechanism
differs from that generally reported for other amphiphilic copolymers containing ethoxylated and
fluorinated components, which led to a substantial increase in surface concentration of the ethoxylated
chains as a result of their major exposure to water [47–50].

In agreement with these last conclusions, measurements of static contact angle with water (θw) at
different immersion times in water up to 6 days showed that θw decreased from 113◦ ± 2, 111◦ ± 2
and 106◦ ± 2 to 106◦ ± 2, 106◦ ± 2 and 84◦ ± 2 for p(Sib-F-EGa)4, p(Sia-F-EGa)4 and p(Sib-F-EGb)4,
respectively. The last film surfaces underwent a more pronounced reconstruction becoming more
hydrophilic after contact with water. Atomic force microscopy (AFM) measurements showed that
all film surfaces were featureless and very smooth (RMS ~7 nm (1 × 1 μm2)). Therefore, the effect of
surface roughness on θw could be neglected.

4. Concluding Remarks

Novel surface-active amphiphilic terpolymers composed of a (meth)acrylic backbone with
fluorinated (F), ethoxylated (EG) and siloxane (Si) side chains were engineered with variable lengths
of EG and Si chains for one given length of F chains to create chemically modified PDMS-based film
surfaces within the outermost few nanometers. AR-XPS analysis proved that all the PDMS-based films
containing the terpolymer displayed a surface chemical composition close to that of the respective
parent terpolymer, indicating that the presence of the PDMS matrix as the major component in the
formulation did not inhibit the strong surface segregation of the terpolymer, which was responsible for
the exceptionally high enrichment in fluorine of the outermost surface layers with respect to the bulk
of the film. Even though the experimental amount of fluorine at the surface was lower for the sample
p(Sib-F-EGb)4 consisting of both longer siloxane and ethoxylated side chains, the Fexp/Ftheor ratio was
the highest, indicating that the surface segregation process was the most effective for this terpolymer.
The substantial surface segregation of the fluorinated chains produced an accumulation of the high
surface energy ethoxylated chains at the polymer–air interface, thus resulting in an amphiphilic,
chemically heterogeneous surface structure at the nanoscale level of the otherwise hydrophobic
siloxane surface. In particular, the concentration of CH2CH2O groups within the first ~3 nm of
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the polymer surface was maximized for terpolymers containing the shorter and more mobile EGa
side chains.

The sensitivity of the polymer films to the water environment depended on the structure of the
terpolymer and in particular on the length of the EG side chains and their content at the polymer−air
interface. In fact, for films p(Sia-F-EGa)4 and p(Sib-F-EGa)4, with the maximum percentage of
CH2CH2O groups at the outermost surface layers (ϕ = 70◦), the C−O/(CF3 + CF2) ratio, namely an
estimation of the hydrophilic/hydrophobic balance of the system, did not change upon immersion in
water, since the chemistry of the film surface was stable upon immersion. On the other hand, for films of
p(Sib-F-EGb)4, with a higher content of CH2CH2O groups in the bulk (ϕ = 20◦), the C−O/(CF3 + CF2)
significantly increased showing that the film surface became more hydrophilic upon immersion in
water. However, in no case was an enhancement detected in ethoxylated chain concentration at the
surface after immersion. The reconstruction process involved a massive migration of the fluorinated
tails away from the surface, which led to a marked increased in the amphiphilicity degree, although
part of the ethoxylated chains were also concurrently dragged into the bulk.

The features of surface structure and reconstruction of amphiphilic polymer coatings are highly
relevant to potential application, notably when distinct interactions with the water environment
are involved. Simultaneous incorporation of opposite, hydrophobic and hydrophilic, functions into
a surface-active terpolymer-based coating leads to a chemically heterogeneous and dynamically
rearranging coating surface. Such coating is conceivably able to better resist adhesion from diverse
fouling agents, such as bacteria, cells and organisms, especially those that exhibit contrasting
preferences for hydrophilic, or otherwise hydrophobic, surface characters. One prime example is in
the field of marine antifouling/fouling-release coating application.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/9/3/153/s1,
Figure S1: Differential scanning calorimetry (DSC) heating curves of the amphiphilic terpolymers p(Sib-F-EGa)
and p(Sib-F-EGb). Figure S2: Area-normalized C(1s) XPS spectra of p(Sib-F-EGa)4 (a), p(Sib-F-EGb)4 (b) and
p(Sia-F-EGa)4 (c).
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Abstract: Low-temperature plasma-treated porcine grafts (PGPT) may be an effective means for
treating demanding osseous defects and enhance our understanding of plasma-tissue engineering.
We chemically characterized porcine grafts under low-temperature Argon plasma treatment (CAP)
and evaluated their biocompatibility in-vitro. Our results showed that PGPT did not differ in
roughness, dominant crystalline phases, absorption peaks corresponding to phosphate band peaks,
or micro-meso pore size, compared to non-treated porcine grafts. The PGPT Ca/P ratio was 2.16;
whereas the porcine control ratio was 2.04 (p < 0.05). PGPT’s [C 1s], [P 2p] and [Ca 2p] values
were 24.3%, 5.6% and 11.0%, respectively, indicating that PGPT was an apatite without another
crystalline phase. Cell viability and alkaline phosphatase assays revealed enhanced proliferation
and osteoblastic differentiation for the cells cultivated in the PGPT media after 5 days (p < 0.05).
The cells cultured in PGPT medium had higher bone sialoprotein and osteocalcin relative mRNA
expression compared to cells cultured in non-treated porcine grafts (p < 0.05). CAP treatment
of porcine particles did not modify the biomaterial’s surface and improved the proliferation and
differentiation of osteoblast-like cells.

Keywords: argon plasma treatment; porcine bone graft; biological apatite; chemical properties;
in-vitro behavior

1. Introduction

Reconstruction of osseous defects, as performed in the fields of Periodontics, maxillofacial surgery,
and orthopedics, can often be achieved by using autogenous bone. Autotransplantation of human
bone has been documented since the early 19th century, and autologous bone grafts are considered
the gold standard for bone regeneration due to their osteogenic, osteoinductive, osteoconductive,
and osseointegrative characteristics [1,2]. However, it is challenging to use only autogenous bone when
these defects are large, complex, or require adequate bone volume at the desired location. Availability
(which in some cases is shallow) and autograft acquisitions carry a considerable patient burden,
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including additional surgical incisions, increased postoperative morbidity, weakened donor bone
sites, and potential complications [3]. These adverse effects necessitate the use of alternative materials
that mimic the physicochemical and biological performance of natural bone-derived apatite [4–7].
Examples of such alternatives include allografts, alloplastic materials, or xenografts [8]. Unfortunately,
fresh bone allografts carry a risk of rejection by the host immune system. Alloplastic materials are
either more complex or costly than biological apatite that is directly prepared from animal hard tissues
(e.g., bovine, porcine, and cuttlefish bone) [9].

The first reported transfer of fresh bone during cross-species transplantation was described by
van Meekeren in 1668 [10]. Nowadays, porcine bone is considered to most closely resemble human
bone in terms of their macrostructure and microstructure [11], chemical composition, and remodeling
rate [12]. Porcine grafts are also abundant, making it an excellent candidate bone graft material for
reconstructing osseous defects [13]. To improve the performance of the porcine bone graft material,
various attempts have been made in order to modify the graft material. For example, the addition
of fluoride [9] may enable both the fluorapatite formation as well as the antibacterial function of the
materials [14].

Plasma discharge applications are based on different geometries and use various electrode
materials [15]. In plasma discharge, a source gas is dissociated and ionized, and various particles
(e.g., electrons, ions, atoms, radicals, and ultraviolet (UV)) are inactivated following contact with a
biological system. Common gases such as Ar, N2, and O2 are used for gas plasma sterilization, thus
assuring that no toxic chemicals remain on the objects after treatment [16]. A much-debated topic
in the field of tissue engineering is how to define the plasma treatment “dose”. Plasma appears to
operate over multiple pathways, and the type of device and target tissue will affect the treatment
outcomes [17].

Tissue engineering in reconstructive surgery demands the 3-dimensional (3D) growth of
osteoblasts and chondroblasts onto suitable carriers [2,18]. This necessitates the fabrication of
multifunctional scaffolds that meet structural, mechanical, and nutritional requirements. These
scaffolds are used to direct 3D tissue ingrowth for repairing large, complex, and multi-tissue
defects [19,20]. A 2017 study found a lack of common understanding regarding the interaction between
plasma and living cells, tissues, and organisms. This knowledge gap represents a significant obstacle
to developing large-scale clinical trials of plasma-related medical devices and procedures [17]. The use
of plasma-treated porcine grafts (PGPT) could enable better 3D reconstruction of challenging osseous
defects. PGPT may enhance our understanding of plasma-tissue engineering further. Consequently,
we sought to physically and chemically characterize porcine grafts under low-temperature Argon
plasma treatment, described previously as cold atmospheric plasma (CAP) [21], and evaluate their
biocompatibility in-vitro.

2. Materials and Methods

2.1. Sample Preparation

Porcine grafts were described previously in another study performed by the same laboratory.
Briefly, the porcine graft particles ranged from 500–1000 μm in size and consisted of cortical porcine
bone, originating from special pathogen-free (SPF) porcine long bones (Agriculture Technology
Research Institute, Hsinchu, Taiwan). First, the bones were immersed in 0.5 N hydrochloric acid
(HCl) for 60 min to remove the organic matrix. Subsequently, the porcine bones were heated with
a ramp rate of 5 ◦C/30 s, and were settled at 800 ◦C for 2 h. Afterward, for another 2 h, with a different
ramp rate of 5 ◦C/min, the grafts were settled at 1000 ◦C to remove residual soft tissues and proteins.
Next, the pieces were cooled to room temperature, milled to 500–1000 μm particle size, and sterilized
using γ-rays [11]. Forty samples, measuring 200 mg each, were used for the control porcine grafts
(porcine control) and PGPT.
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2.2. Low-Temperature Argon Plasma Treatment

The Plasma Jet (PJ; AST Products, Inc., North Billerica, MA, USA) was used to subject porcine
particles to low-temperature Argon plasma treatment. The APT was carried out at a power level of
80 W, with a frequency of 13.56 MHz, under a 100 m Torr of pressure over 15 min with Argon plasma
placed 10 mm from the porcine graft particles.

2.3. Surface Topography Evaluations

Scanning electron microscopy (SEM) images (SU3500, Hitachi, Ltd., Kyoto, Japan) were used to
evaluate and compare the surface morphologies of PGPT and the porcine control. Sample particles
were prepared for imaging using 25 nm-thick layers of Au/Pd sputter surface coating with a sputtering
apparatus (IB-2; Hitachi, Ltd., Tokyo, Japan). High-resolution images were taken at a low pressure and
an accelerating voltage of 15.0 kV. The electron beam was focused to a fine point (primary electron)
and magnified to 500× and 1500× by secondary electrons.

2.4. Energy Dispersive Spectrometry

The samples’ surface topography probe measurements were taken with an electron beam covering
a 70 μm spectrum, operating at 15 kV. An Energy Dispersive X-Ray Micro Analyzer machine was used
for the evaluation (EX-250, HORIBA, Kyoto, Japan). Energy dispersive spectrometry (EDS) was useful
for analyzing the percentage weight for each element of the PGPT and porcine control particle grafts
(n = 6).

2.5. X-Ray Photoelectron Spectroscopy

Elemental and chemical surface analyses were performed on PGPT and porcine controls using
X-ray Photoelectron Spectroscopy (XPS) measurements, following the protocol by Silversmit et
al. The measurements were recorded with a Perkin–Elmer Phi ESCA 5500 system equipped with
a monochromated 450 W Al Kα source (Quantera II, ULVAC-PHI Inc, Kanagawa, Japan). The base
pressure of the ESCA system was less than 1 × 10−7 Pa. All experiments were recorded with a 220 W
source power and an angular acceptance of ±7◦. The analyzer axis was oriented at an angle of 45◦ with
the specimen surface. Wide-scan spectra were measured over a binding energy range of 0–1400 eV
and a pass energy of 187.85 eV. We recorded the C 1s, O 1s, Ca 2p, and P 2p core levels [22].

2.6. X-Ray Diffraction Analysis

Powder X-ray diffraction (XRD) was used to analyze the crystalline structures and chemical
compositions of PGPT and porcine controls. Diffraction patterns were collected on a PANalytical
X’Pert3 Pro system (X’Pert3 Powder, PANalytical Co. Ltd., Almelo, The Netherlands) operated at
60 kV and a 45 mA current with Mo Kα (0.71073 Å) source. Samples were scanned over a range of
10◦ ≤ 2θ ≤ 70◦.

2.7. Fourier Transform Infrared Spectroscopy (FTIR) Characterization

Perkin–Elmer Spectrum One Fourier Transform Infrared spectroscopy (Perkin–Elmer Corp.,
Waltham, MA, USA) was used to collect all spectra. Dry PGPT and porcine control particles were
equilibrated at 50% relative humidity, at room temperature, and clamped directly onto the crystal for
analysis [23]. The nominal resolution of 4.00 and a number of sample scans equal to 1000 was collected
in a range of 450–4000 cm−1. A computer running Perkin–Elmer 3.02 software was used to record data.

2.8. Cell Culture and Seeding

MG-63 osteoblast-like cells were purchased from the Bioresource Collection and Research Center
(BCRC, Hsinchu, Taiwan). The cells were expanded in Dulbecco’s modified Eagle’s medium (DMEM;
HyClone, Logan, UT, USA) supplemented with L-glutamine (4 mmol/L), 10% fetal bovine serum,
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and 1% penicillin-streptomycin at 37 ◦C in a humidified atmosphere containing 95% air and 5% CO2.
The confluent cells were sub-cultured to the next passage using 0.05% trypsin—EDTA, up to passage 4.
Once 90% confluence cell density was reached, the concentration was adjusted to 1 × 104 cells/mL and
the samples were aliquoted into 24-well Petri dishes (Nunclon; Nunc, Roskilde, Denmark). The same
day, DMEM medium was mixed with CPG, porcine graft, or HA/β-TCP at a concentration of 1 g/10
mL. Twenty-found hours later, each test well’s medium was removed and substituted for the test
media, consisting of the previously described DMEM + CPG, porcine graft, or HA/β-TCP. The same
DMEM media first described was used for the control wells. The medium in all wells was changed
every 3 days.

2.9. Cell Cytotoxicity

Cell cytotoxicity was assessed on days 1, 3, and 5 after adding medium and particle bone substitute
to the test wells. Tests were performed according to the Cell Proliferation Reagent manufacturer’s
instructions (WST-1 Kit, Roche Applied Science, Mannheim, Germany). In brief, the cell medium,
prepared as described previously, was replaced with 500 μl of fresh medium. Later, the cells were
moved to a 96 well microtiter plate (5 × 104 cells/well) for a final volume of 100 μL of the culture
medium, from which any remaining particle grafts were absent. Afterward, the cells were incubated
for 24 h and 10 μL WST-1 reagent was added to each well, after which the cells were again incubated
for 4 h in the same standard culture conditions. Next, each plate was settled for 1 min on a shaker
to mix its contents. Subsequently, we used a microplate reader at OD = 420–480 nm, a reference
wavelength of 650 nm to measure absorbance samples. The percent cytotoxicity was calculated from
the following equation: % cytotoxicity = (100 × (control-sample))/control [24]. Each test was repeated
3 times (n = 6).

2.10. Alkaline Phosphatase Assay

After cell culture and seeding, alkaline phosphatase activity was performed on days 1, 3, and
5. The cells were washed twice with phosphate-buffered saline (PBS). PBS was removed using
suction, and 300 μL of Triton X-100 (BioShop, Canada Inc. Burlington, ON, Canada) was added at
a concentration of 0.05%. To induce rupture, the cells were subjected to 3 cycles of 5 min at 37 ◦C
and 5 min at −4◦C, after which the samples were placed into 96-well plates. Alkaline phosphatase
(ALP) activities were determined by following the Thermo Scientific 1-Step p-nitrophenyl phosphate
disodium salt (PNPP) manufacturer’s instructions. PNPP was supplied pre-mixed with a substrate
buffer and ready-to-use at room temperature. The 1-Step PNPP was gently mixed. Next, 100 μL of the
mixture was added to each 96-well and mixed thoroughly by gently agitating the plate. The 96-well
plates were incubated at room temperature for 30 min. To stop the reaction, 50 μL of 3M NaOH was
added and mixed thoroughly by gently agitating the plate. The absorbance of each well was measured
at 405 nm (n = 6) using a Multiskan™ GO Microplate Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). Enzymatic activity was normalized to total protein concentration using bovine
serum albumin (BSA; Roche, Basel, Switzerland). The standard Bradford (Sigma) method was used to
do protein measurements. The ALP activity was compared by plotting OD intensity [25].

2.11. Real-Time Polymerase Chain Reaction (PCR)

The assay for 5 days was done after the cell culture and seeding protocol. A NanoDrop ND-1000
spectrophotometer (CapitalBio Nano Q, Beijing, China) was used to quantify the total RNA. Later,
RNA was processed with the Novel Total RNA Mini Kit, Cat. No. NR-200 (NovelGene, Molecular
Biotech, Taipei, Taiwan) according to the manufacturer’s instructions. The cells were trypsinized,
harvested, and resuspended in 100 μL PBS and subjected to cell lysis by adding 400 μL NR Buffer and
4 μL S-mercaptoethanol to the sample. RNA binding was performed with 400 μL 70% ethanol and
centrifuged at 13,000 rpm. Afterward, the sample was washed and eluted with 50 μL RNase-free water.
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Real-time polymerase chain reaction (PCR) was used to quantify expression. Gene expression
levels were normalized to the expression of the housekeeping gene GAPDH and expressed as fold
changes, relative to the expression of the cell culture in DMEM only. The delta-delta calculation
method was used to perform quantification. A Primer-BLAST from the United States National Library
of Medicine was used to design forward and reverse primers and probes for bone sialoprotein (Bsp)
and osteocalcin (OC) genes [26].

2.12. Statistical Analyses

All measurements are presented as mean ± standard deviation, and normality of the results
was analyzed using The Jarque–Bera test. Differences between the PGPT and the porcine control
groups were identified using the Student t-test and considered significant when p < 0.05. Microsoft
Excel Professional Plus 2016 (Microsoft Software, Redmond, WA, USA) was used to perform all
data analyses.

3. Results and Discussion

The aim of the present study was to physically and chemically characterize porcine grafts under
low-temperature Argon plasma treatment and evaluate their biocompatibility in-vitro. Porcine grafts
were used previously in animal studies (e.g., Bone Regeneration for Sheep’s Iliac Crestal Defects),
where a corticocancellous porcine bone with a 250–1000 microns particulate mix was used as a scaffold
to induce bone regeneration. Here, porcine bone was found to be highly biocompatible and capable of
inducing faster and greater bone formation. After four months of healing, bone formation was found
around the graft particles within the defects [27].

Porcine grafts have also been used successfully in human studies. Successful in-socket
preservation, with the combination of a porcine xenograft and collagen membrane, was utilized
to maintain successfully the vertical and horizontal dimensions of four-wall bone defects.
The authors reported sufficient bone volume for implant placement in all sites prior to implant
placement [28]. In another multicenter single-blind randomized control trial, pre-hydrated collagenated
cortico-cancellous porcine bone was compared with cortical porcine bone. During the 4-month analysis,
both test groups showed reduced bone loss compared to naturally healing sockets. However, the two
grafting materials were not able to preserve the alveolar crest, and final results were approximately
30% less than the estimates after healing [29]. Another similar multicenter randomized controlled
clinical trial showed that porcine bone (used with guided bone regeneration) was more effective than
the control group without grafting after tooth extraction [30].

3.1. SEM Surface Morphological Observations

No significant differences were revealed on the surface morphology of the PGPT and non-treated
porcine control surfaces. In addition, PGPT showed no difference in roughness, characterized by
isotropic and irregular surface patterns, nor a micro-meso pores size, compared to the porcine
control. The PGPT particle surface (Figure 1A,B) had the attributes of the non-treated porcine particle
(Figure 1C,D), with rough surfaces and microporous structures.
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Figure 1. The scanning electron microscope images of the representative surface morphologies. (A)
The rough surface of the plasma-treated porcine graphs (PGPT) is seen at 500× magnification. (B) PGPT
micro- and mesopores are seen at 1500× magnification. (C) Porcine control similar to rough surface
PGPT is seen at 500× magnification. (D) Porcine control with the same size micro- and mesopores as
the PGPT are seen at 1500× magnification.

3.2. Element’s Weight Percentage on Particles Surfaces

EDS analyses showed that PGPT particle element weight (wt %) contained 37.19 ± 4.93 wt
% calcium, 34.37 ± 8.38 wt % oxygen, 17.19 ± 1.79 wt % phosphorus, 4.75 ± 4.36 wt % gold,
4.54 ± 2.62 wt % carbon, and 0.60 ± 0.10 wt % magnesium. By comparison, elemental concentrations
in porcine control particles had less calcium with only 30.69 ± 4.11 wt % (p < 0.05), 15.03 ± 0.38 wt
% phosphorus (p < 0.05), 31.13 ± 6.98 wt % oxygen, and 1.13 ± 0.17 wt % sodium compared to the
plasma-treated porcine particles. The porcine control had a higher level of carbon (6.02 ± 6.49 wt %),
magnesium (1.28 ± 0.95 wt %), and gold (14.72 ± 2.76 wt %). The Ca/P ratio in the PGPT particles was
2.16, higher than the hydroxyapatite (HA) value. In contrast, the Ca/P ratio of the porcine control was
2.04, with a statistically significant difference between both Ca/P ratios (p < 0.05) (Table 1, Figure 2).

Table 1. The results of the elemental analysis by energy dispersive spectrometry.

Element Weight % PGPT Porcine Control

Ca 37.19 ± 4.93 30.69 ± 4.11
P 17.19 ± 1.79 15.03 ± 0.38
O 34.37 ± 8.38 31.13 ± 6.98
C 4.54 ± 2.62 6.02 ± 6.49

Mg 0.60 ± 0.10 1.28 ± 0.95
Au 4.75 ± 4.36 14.72 ± 2.76
Na 1.35 ± 0.53 1.13 ± 0.17
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Figure 2. The energy dispersive spectra. (A) PGPT. (B) Porcine control.

3.3. XPS Peak Fitting Results

Surface chemistry and atomic concentrations (as percentages), using XPS analysis, showed that
the C 1s values were 24.3% for the PGPT and 28.5% for the porcine control, indicating a decrease in
the number of carbonate groups built into the HAp structure. Moreover, the O 1s values were 51.1%
(PGPT) and 47.9% (control). The P 2p values were 5.6% (PGPT) and 7.1% (control). The mean Ca
2p values were 11.0% (PGPT) and 11.11% (control). The Mg 1s levels were 6.1% (PGPT) and 2.3%
(control). Na 1s was lower (1.4%) for PGPT compared with the porcine control (3.2%) (Figure 3).

XPS analysis supported the EDS results and indicated that PGPT values were in concordance with
Seo et al. who fabricated HA bioceramics from recycled pig bones by heating to 1000 ◦C. The HA was
composed of calcium, phosphate, carbon and magnesium ions in similar percentage concentrations as
the present study’s results [31]. In the present study, the Ca/P ratio for the PGPT particles was 2.16,
higher than the HA value. In contrast, the Ca/P ratio of the porcine control was 2.04, with a statistically
significant difference between both Ca/P ratios (p < 0.05). (Table 1, Figure 2) Both Ca/P ratios
correspond to high crystalline apatite particles [32,33]. The PGPT higher Ca/P ratio over porcine
control (p < 0.05) can be directly related to the low-temperature Argon plasma treatment. The Ca/P
ratio of both porcine grafts in the present study was higher than the one found by other authors.
This can be attributed to the lower temperatures used during the porcine graft preparation in the other
studies [31,34].

Figure 3. The X-ray photoelectron spectroscopy (XPS) spectra used to determine atomic composition
(%). (A) PGPT. (B) Porcine control. Both particle grafts present Ca, P, O, and C.
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3.4. X-Ray Diffraction Patterns

XRD measurements were compared to diffraction patterns of pure hydroxyapatite, attributing the
peaks only to this calcium apatite [31,34]. The porcine control graft remained highly crystalline,
as exhibited by the same sharp peak patterns obtained before and after the CAP treatment.
The higher-intensity peaks in the patterns correspond to that found in apatites with high crystallinity
(Figure 4).

Figure 4. The X-ray diffraction patterns. Both porcine particle grafts have the same dominant crystalline
phases generating the same intense, sharp peaks.

3.5. Fourier Transform Infrared Spectroscopy Profiles

FTIR spectra of sintered PGPT and porcine control particles revealed similar results to those found
in the XRD analysis. All samples were characterized as apatite without any other types of crystalline
phases. Both samples had similar patterns, with pronounced peaks between 473 and 700 cm−1 [35],
and absorption peaks ascribed to phosphatase band peaks at 962, 1051, and 1089 cm−1 (Figure 5).

Figure 5. The Fourier Transform Infrared Spectroscopy Characterization. Fourier Transform Infrared
Spectroscopy (FTIR) spectra of both PGPT and the porcine control with the same absorption peaks
corresponding to the phosphate band peaks.
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The results of the FTIR and XRD characterization analysis of sintered PGPT and porcine control
particles agreed with a study done by Figueiredo et al. which compared the physicochemical properties
of bone substitutes used in dentistry vs. calcined human bone. In their study, the diffractograms in the
XRD of the porcine graft and natural human bone spectrum presented the more intense characteristic
peaks of HA, with coincident peak positions and relative intensities. In their FTIR results, porcine and
human graft results showed very similar spectra to the typical bands originated by the HA mineral.
More intense phosphate stretching bands were observed around 1010 and 560 cm−1 [36]. These were
very similar to the FTIR results in the present study, where the same phosphate bands were observed
at around 1051 and 572 cm−1.

3.6. Cell Proliferation Assessment

Cell proliferation OD values on the porcine CAP treated particles were 0.9 ± 0.05 (day 1), 1.57
± 0.02 (day 3), and 1.61 ± 0.08 (day 5). Conversely, cell proliferation OD values on the non-treated
porcine particles were 1.04 ± 0.04 (day 1), 1.38 ± 0.03 (day 3), and 1.52 ± 0.01 (day 5). Cells cultured in
the control media had OD values of 1.13 ± 0.04 (day 1), 1.46 ± 0.03 (day 3), and 1.41 ± 0.02 (day 5).
MG-63 cells presented with spreading attachments on the PGPT surfaces, improving cell proliferation
compared to the non-treated porcine particle surfaces on days 3 and 5 (p < 0.05) (Figure 6).

Figure 6. The cell proliferation at days 1, 3, and 5 (p < 0.05).

3.7. Osteoblast Differentiation.

During the time-dependent analysis, the PGPT exhibited higher ALP activity. Significantly greater
differences were observed with PGPT than with the non-treated porcine particles and controls on days
3 and 5 (p < 0.05) (Figure 7).

Figure 7. The Alkaline Phosphatase (ALP) analysis. Cold Atmospheric Plasma (CAP) porcine treated
particles stimulated more alkaline phosphatase production than did porcine control particles in
osteoblast-like cells (p < 0.05).
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After 5 days, the results of real-time PCR revealed that cells cultured with PGPT and porcine
control, compared with the control cells, had elevated Bsp and OC genes. In addition, cells cultured
with PGPT had a higher relative mRNA expression for both genes than did the cells cultured with
porcine control (p < 0.05) (Figure 8). To the best of our knowledge, this is the first time that bone
sialoprotein and osteocalcin genes have been measured in cells cultured with PGPT. For a better
understanding of the porcine bone graft bio-physical surface treatment results within osteoblast-like
cells, further analyses of these genes, together with other genes, are necessary.

Figure 8. The real-time PCR. (A) Bone sialoprotein mRNA expression of cells cultured at 5 days. (B)
Osteocalcin of cells cultured at 5 days (p < 0.05).

Plasma has gained great scientific and industrial importance. A great advantage of using
low-temperature plasmas under atmospheric pressure is our ability to chemically “design” the
plasma. For example, plasma composition can be varied depending on the desired effect. In addition,
plasma acts rapidly, effectively, and penetrates the smallest openings and hollow spaces [37]. Surface
modification of polymers with low pressure is often used to improve coating adhesion, wettability,
printability, biocompatibility, and other surface-related properties of polymers or other materials [38,39].
Plasma treatment has also been used for titanium surface modification [40,41]. Sarma et al. examined
the biomimetic growth of HA nanocrystals on Ti and sputtered TiO2 substrates [42]. Yi et al. prepared
akermanite (Ca2MgSi2O7) bioactive coatings using a plasma-spraying technique, with bioactive
ceramic coatings on titanium (Ti) alloys [43]. The key question is how to best design and operate
the plasma source for optimal biological applications, and this question remains a challenge in the
field. This challenge has two parts: first, the physics and chemistry of different plasma devices are
far from being fully understood. Second, the mechanisms by which plasma alters biological cells,
tissues, and organisms are not well-established [17]. In the present study, we wanted to focus on the
effects of setting Argon plasma treatment with a power level of 80 W, a frequency of 13.56 MHz, under
a 100 mTorr pressure. During 15 min within low-temperature Argon plasma at a distance of 10 mm
from the porcine graft particles, we found that this treatment did not modify the biomaterial’s surface
(Figures 1–5); however, it improved osteoblast-like cell proliferation and differentiation (Figures 6–8).
This could be explained by the removal of toxic elements (e.g., carbon) from the particles’ surfaces,
as EDS and XPS showed reduced carbon in PGPT. Another explanation could be the removal of
micro-nano particles left during porcine particle production. Argon plasma treatment cleansed the
porcine particles during their production process and led to stronger and faster interactions with cells.

In previous studies, porcine particle grafts exhibited osteoconductive properties of a bioactive
bone graft material: able to provide an appropriate scaffold, allowing vascularization, promoting
calcified tissue deposition, cellular infiltration, and attachment [44,45]. In the present study, PGPT
produced superior results compared to the porcine control. Therefore, depending on clinical needs,
PGPT can potentially be put to use in daily clinical practice [11,13]. Further studies are needed
to achieve a better understanding of low-temperature plasma treatment over porcine particles for
bone regeneration.
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4. Conclusions

The present study found that the low-temperature plasma treatment of porcine graft particles
did not modify the biomaterial’s surface, as demonstrated by the SEM, EDS, XPS, XRD, and FTIR
results. Furthermore, PGPT demonstrated higher biocompatibility by enhancing osteoblast-like cell
proliferation and differentiation, according to WST-1, ALP, and real-time PCR. Further studies are
needed to understand the use of PGPT for bone regeneration better.
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Abstract: In this research work, low-temperature carburizing of AISI 420 martensitic stainless steel
was conducted at 460 ◦C for different amounts of time using an acetone source. The microstructure
and phase structure of the carburized layers were characterized by optical microscope and X-ray
diffraction. The properties of the carburized layers were tested with a microhardness tester and an
electrochemical workstation. The results indicate uniform layers are formed on martensitic stainless
steel surfaces, and the carburized layers are mainly composed of carbon “expanded” α (αC) and
Fe3C phases. The property tests indicated that after plasma–carburizing, the hardness of the stainless
steel surface can reach up to 850 HV0.1. However, the corrosion resistance of stainless steel decreased
slightly, and the corrosion characteristic of stainless steel was altered from pitting to general corrosion.
The semiconductor characteristic of the passivation film on stainless steel was transformed from the
p-type for untreated specimens to the n-type for carburized specimens.

Keywords: martensitic stainless steel; low temperature plasma carburizing; carbon source;
microstructure; corrosion behavior

1. Introduction

Stainless steel is widely used for its inherent corrosion resistance. However, unmodified stainless
steel can be problematic when it is used in moving parts in some harsh environments, such as
aerospace, electric power stations, ships, and ocean engineering [1]. At present, surface modification
has become an important solution to improve surface properties of stainless steel to meet demands in
the harsh environments mentioned above [2–4]. There are various surface modification methods that
have been utilized to improve the properties of stainless steel, of which thermo-chemical diffusion
treatment strategies have drawn significant consideration for their simple process, low cost, and other
advantages [5]. Among these, low-temperature nitriding, carburizing, and nitrocarburizing treatments
are the commonly used processes that can improve the hardness and wear–resistance of stainless
steels without reducing their corrosion resistance [6,7]. Thus, these treatments have received extensive
research attention [7–9].

Regarding the low-temperature carburization of stainless steel, most research is focused on
studying the microstructure and mechanical properties of the modified layers [10–14]. A literature
survey indicated that the corrosion property studies of the carburized layers were mainly conducted on
austenitic stainless steels [15–17], and only a few were related to the carburized layers on martensitic
stainless steels [18,19]. Notably, most low-temperature carburization of stainless steel was conducted
using CH4 or CO gas carbon sources [10–14,20].
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Interestingly, when bearing steel (M50NiL) was plasma-carburized with an acetone source,
diamond-like carbon/Fe3C-containing carburized layers were formed, and the layers possessed
self-lubricating and anti-corrosion properties [21–23]. Recently, authors have also proved that the
low-temperature carburization of AISI 431 stainless steel could be successfully conducted with gaseous
acetone. The carburized layer thickness could reach up to 45 μm with a hardness higher than
1051 HV0.1, while corrosion resistance decreased only slightly [24]. Since the alloying elements in
stainless steel have an important influence on the microstructure and properties of the low-temperature
plasma surface alloyed layer [25], there is great need to study the plasma carburization of other kinds
of stainless steels with an acetone source.

Therefore, based on previous research [15–20], AISI 420 martensitic stainless steel was
plasma-carburized at 460 ◦C for 4–12 h using an acetone source. Then, a preliminary study of the
microstructure and properties of the carburized layer was conducted, and the effects of the alloy
elements were especially considered. Since the corrosion resistance of the carburized layer is one of
the important concerns for stainless steel, the present investigation primarily focused on the corrosion
behaviors of the carburized layer.

2. Materials and Experimental Methods

Commercially available AISI 420 martensitic stainless steel with the chemical composition (wt %)
of 0.16%–0.25% C, ≤0.60% Si, ≤0.80% Mn, ≤0.035% P, ≤0.030% S, ≤0.75% Ni, 12.0%–14.0% Cr, and Fe
in balance was used in the present investigation. The as-received AISI 420 stainless steel rod was
first machined to the size of Φ 25 mm × 5 mm, and then the steel was austenitized at 1050 ◦C for 1 h
and oil-cooled.

Plasma-carburizing treatments were conducted in a 30 kW home-made pulse plasma
multi-diffusing unit [9]. The process parameters were: temperature, 460 ◦C; time, 4–12 h; pressure,
200–300 Pa; voltage, 650 V; and carburizing atmosphere, H2:CH3COCH3 = 4:1. Acetone (CH3COCH3)
was heated into vapor and then inputted into the furnace along with hydrogen (H2). The ageing
treatment of stainless steel could be conducted simultaneously during plasma carburization.

The carburized specimens were cross-sectioned and set in bakelite, and then the cross
section was grinded with 240–2000# sandpapers and polished with Al2O3 polishing powder.
After that, the specimens were light-etched using Marble’s reagent [9], and then were observed
by a metallographic microscope (OM, CMM-33E, Shanghai Changfang Optical Instrument CO., LTD.,
Shanghai, China). The thicknesses of the carburized layers were roughly estimated based on OM
observations because of an obvious boundary between layer and matrix, and then were proved by
hardness profiles on the cross sections.

The identification of the phases present in the carburized layers was carried out by X’Pert Pro
X-ray diffraction (PANalytical, Almelo, The Netherlands). Test conditions were: Cu Kα radiation
(λ = 1.5406 nm); voltage, 40 kV; current, 40 mA; speed, 0.7◦/s; and scanning range, 20–100◦.

Surface hardness and cross-sectional hardness profile of the carburized specimens were obtained
using a microhardness tester (HV-1000, Fangyuan Instrument CO., LTD., Jinan, China). The applied
load was 100 gf, and the hold time was 15 s.

The corrosion behaviors of the carburizing layers were studied by the potentiodynamic
polarization curves and electrochemical impedance spectroscopy (EIS) using electrochemical testing
equipment (Chi660e, Shanghai Chenhua Instruments Co., Ltd., Shanghai, China) in 3.5 wt % NaCl
solution. Based on the standard of GB/T 24196-2009 [26], the potentiodynamic polarization curves
of the specimens were tested. A three-electrode system was also used in the present investigation,
including the working electrode (W) of specimen, the auxiliary electrode (C) of a platinum wire,
and the reference electrode (R) of a saturated calomel electrode (SCE). The size of the test surface was
about 1 cm2 in area. For polarization curve tests, scanning started from the open circuit potential
of −300 mV with a scanning speed of 5 mV/s. Scanning stopped when the current density reached
10 mA/cm2. In the EIS tests, the specimens were submerged in solution for 120 s under a voltage
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of 250 mV to gain a stable passivation membrane. The excitation signal had a sine wave with an
amplitude of 5 mV, and the test frequency was 10−2–105 Hz. Mott–Schottky (M–S) curve tests were
used to characterize the semiconductor characteristics of the film formed on the carburized layer,
where the test potential range was 1000−600 mV, and test speed was 50 mV/step.

3. Results and Discussion

3.1. Phase Structure of the Carburized Layer

The phase compositions of the carburized layers on AISI 420 stainless steel are shown in Figure 1.
It is well-known that the only phase on an untreated steel surface is the α′-Fe phase. After plasma
carburization, carbon “expanded” α′-Fe (αC) phases and Fe3C phases formed on the stainless steel
surface. The αC phase formation was evidenced by the broadening of the original martensite peaks and
their displacement to lower angles [12,13,18]. Moreover, with the increase of carburizing time, the peak
intensities of αC phases showed almost no change. The phase composition in the carburized layer
played an important role in the properties of the carburized layer, as shown in the following parts.

  

Figure 1. XRD patterns of AISI 420 stainless steel plasma carburized at 460 ◦C: (a) 4 h; (b) 8 h; and (c) 12 h.

3.2. Microstructure and Hardness Profile of the Carburized Layer

The cross-sectional optical micrographs and microhardness profiles of low-temperature-carburized
layers on AISI 420 stainless steels are presented in Figure 2. One can see in Figure 2a–c that prominent
plasma-carburized layers were formed on the stainless steel surfaces after light erosion, and the layer
thickness increased with time. Based on the OM observation, the carburized layer thicknesses were
determined to be about 26, 42, and 62 μm for the specimens plasma-carburized at 460 ◦C for 4, 8,
and 12 h, respectively. The layer thicknesses obtained on AISI 420 stainless steel were higher than those
on AISI 431 stainless steel in the same plasma-carburizing condition [24]. The present investigation
also proved that the alloying elements had obvious effects on the microstructures of the carburized
layers, as shown in [25]. Moreover, the etchant (Marble’s reagent) did not attack the carburized layers,
which is commonly an empirical indication of an improvement in corrosion resistance in the etching
medium. However, when the carburizing time increased up to 12 h (Figure 2c), the microstructure
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showed a porous state with some black spots, which can be caused by the precipitation and grain
growth of the carbides [18,24].

  

 

Figure 2. (a–c) Cross section microstructures. (d) Microhardness profiles of AISI 420 stainless steel
plasma carburized at 460 ◦C for 4, 8, and 12 h.

As shown in References [21–23], a diamond-like carbon/Fe3C-containing carburized layer
could be formed on M50NiL steel after plasma–carburizing with acetone. The fine microstructure
characterization of the carburized layer on AISI 420 stainless steel will be characterized in the
near future.

In addition, it can be seen from Figure 2d that the surface hardness of stainless steel was improved
after plasma carburizing. The surface hardnesses of the untreated, 4, 8, and 12 h treated specimens
were about 300, 810, 850, and 620 HV0.1, respectively. That is, the surface hardness of the stainless steel
was improved up to 2.8 times more than that of the untreated steel, which should be attributed to the
higher lattice distortion strengthening in “expanded” α′-Fe lattices [11] and high hardness of the Fe3C
phase. Moreover, the surface hardness increased first and then decreased with duration. The reasons
for this could be mainly due to the grain growth of carbides and microstructure deterioration for the
12 h carburized layer, as shown in Figure 2c.

It can also be seen that the bulk hardnesses changed with time, which is almost in agreement with
the ageing effect observed for each treatment temperature [9,12]. Thus, the ageing of the martensitic
stainless steel can be conducted simultaneously with the plasma carburization treatment. Compared
with the surface hardnesses of the carburized layers obtained on AISI 431 stainless steel under the
same carburization conditions, the hardnesses did not show much variation between 4 and 12 h
carburized layers, but the highest hardness decreased from 1050 to 850 HV0.1 [24]. Moreover, compared
with AISI 420 stainless steel plasma carburized at 450 ◦C with a CH4 source, the carburized layer
thicknesses and hardnesses were almost the same and showed the same variation trends with the
present investigation [12,13].
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3.3. Corrosion Behavior of the Carburized Layer

Figure 3 shows the typical polarization curves of stainless steel carburized at 460 ◦C for 4–12 h,
and the corresponding corrosion parameters are given in Table 1. It can be seen from Table 1 that for
the untreated specimen and the specimens carburized for 4, 8, and 12 h, the corresponding corrosion
potentials (Ecorr) were −0.38 V (SCE), −0.56 V (SCE), −0.56 V (SCE), and −0.58 V (SCE), and the
corrosion current densities were 3.19 × 10−6 A/cm2, 2.54 × 10−5 A/cm2, 1.99 × 10−5 A/cm2, and 2.99
× 10−5 A/cm2, respectively. Moreover, there was no obvious pitting phenomenon (i.e., no evident
passivation region) for the carburized specimens. The corrosion resistance of the martensitic stainless
steel was slightly worse than that of the untreated one, and the specimen carburized for 8 h had the
better corrosion resistance at the present test condition, which is consistent with plasma carburization
of AISI 431 stainless steel [24]. However, this disagrees with the corrosion test results obtained from
low-temperature carburization of AISI 316 austenitic stainless steel [15,16]. The main reasons could be
the multi-phase microstructure characteristics shown in XRD results, because the microstructure had a
significant influence on the corrosion behavior of the steel [6,18]. In fact, some other researchers also
found this kind of corrosion phenomenon in the low-temperature ion nitriding of martensitic stainless
steel—for example, Corengia et al. [19] found that ion nitriding at 673–773 K (400–500 ◦C) reduced the
corrosion resistance of AISI 410 martensitic stainless steel.

Figure 3. Polarization curves of AISI 420 stainless steel plasma carburized at 460 ◦C for 4–12 h.

Table 1. Parameters obtained from polarization curves of AISI 420 stainless steel plasma carburized at
460 ◦C for 4–12 h.

Specimen Ecorr (V) Icorr (A/cm2)

Untreated −0.38 3.19 × 10−6

4 h −0.56 2.54 × 10−5

8 h −0.56 1.99 × 10−5

12 h −0.58 2.99 × 10−5
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To further study the stabilities of the passive films formed during corrosion of the carburized
layer, EIS measurements were carried out. Figure 4 depicts the Nyquist and Bode curves of the
untreated specimen and specimens plasma-carburized at 460 ◦C for 4–12 h. Electrical equivalent
circuits were obtained based on ZView software (Version 3.0a), and the values of each part could be
directly measured. The corresponding data are shown in Table 2. In the table, CPE is an abbreviation
for constant phase angle element [27], the impedance value of which is the function of angle frequency
(ω), and its amplitude angle is independent of frequency. There are two parameters: CPE-T and
CPE-P. CPE-T is called double-layer capacitance, CPE-P is a dispersion index and is normally used
to characterize dispersion effects. The simulation results of the percentage errors were within 5%,
that is, the data-fitting results were good and the chosen model could be used to characterize the
specimens’ corrosion equivalent circuit. It can be seen from the figure that the impedance spectra were
all a single capacitive arc with only one time constant. The bigger the capacitance arc radius, the higher
the stability of the film [14]. The biggest capacitance arc radius, from the specimen carburized for
8 h, indicated that the passive film that formed on this specimen possessed the highest stability in
a corrosive environment. These results are consistent with the plasma carburization of AISI 431
stainless steel [24].

Figure 4. Nyquist and Bode plots of AISI 420 stainless steel. (a,b) Untreated specimen,
(c,d) Carburized specimens.

Table 2. Fitting parameter values for the untreated and the carburized AISI 420 stainless steel. CPE-P:
dispersion index; CPE-T: double-layer capacitance.

Specimen
Rs (Ω) CPE-T (F) CPE-P (F) Rp (Ω)

Value Error% Value Error% Value Error% Value Error%

Untreated 21.95 0.19 0.00023 0.5 0.84 0.13 1506 0.93
4 h 21.21 0.66 0.0015 1.38 0.62 0.59 1227 4.5
8 h 22.66 0.45 0.00078 0.99 0.68 0.35 1006 1.89
12 h 23.01 0.52 0.0016 1.24 0.72 0.52 786.5 3.41
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In addition, it can be seen in Table 2 that for the untreated specimen, the membrane resistance (Rp)
and the capacitance (CPE-T) were 1506 Ω and 0.00023 F. For the specimens plasma-carburized for 4, 8,
and 12 h, the membrane resistances (Rp) were 1227, 1006, and 786.5 Ω, while the capacitances were
0.0015, 0.00078, and 0.0016 F, respectively. The larger the value of Rp, the smaller the corrosion rate of
the film. All the above values indicated that, after plasma carburization at 460 ◦C, the stabilities of
passive films formed on the specimens were all lower than those of untreated specimen, and decreased
slightly with time. The passive film was the least stable for the stainless steel carburized for 12 h,
which was likely due to the microstructure deterioration as shown before.

Finally, it should be pointed out that the corrosion resistance of the carburized layer showed
a slight decrease under the present investigation condition. As such, optimization of the process
parameters will be important work in the next steps, even though some reports also found that
the low-temperature treatments were not necessary to keep or improve the corrosion resistance of
stainless steels [19]. Considering that plasma processing parameters have an important influence
on the microstructure of the carburized layers, deeper experiments are being conducted aiming to
evaluate the effects of the temperature and acetone gas content to obtain better corrosion resistance.

Based on the Mott–Schottky (M–S) theory, it is well-known that the space charge layer capacitance
(C) of the passivation film is a function of the electrode potential [15,16]. For an n-type semiconductor,
the value of C can be represented by Equation (1):

1
C2 =

2
εε0qNd

(E − Efb − kT
q
) (1)

For the p-type semiconductor, the value of C can be represented by Equation (2):

1
C2 =

−2
εε0qNa

(E − Efb − kT
q
) (2)

where Nd is the carrier charge concentration of the donor and Na is the carrier charge concentration of
the acceptor.

According to the slope of the linear part in the M–S curve, the electronic structure type of the
passive film can be determined. When the value is positive, it possesses the n-type semiconductor
characteristic, otherwise, it possesses the p-type semiconductor characteristic [15,16]. The charge
concentration of donor or acceptor in the surface space is directly proportional to the reciprocal of the
slope of the M–S curve, and can be estimated by Equation (3):

Nd(Na) =
2

eεε0S
(3)

Figure 5 plots the M–S curves of the untreated specimen and specimens plasma–carburized at
460 ◦C for 4–12 h. For the untreated specimen, the slope of the linear part (0.15–0.50 V) in the curve
was negative, the film formed on the untreated specimen possessed the p-type semiconductor property,
and the donor charge concentration was calculated to be about 2.59 × 1022 cm−3. On the other hand,
for the specimens after plasma carburization at 460 ◦C, the slope of the linear parts (0.15–0.50 V) in
the curves were all positive, which all corresponded to n-type semiconductor properties [24], and the
donor charge concentrations for specimens carburized for 4, 8, and 12 h were calculated to be about
3.02 × 1021, 2.56 × 1021, and 6.66 × 1021 cm−3, respectively.
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Figure 5. Mott–Schottky (M–S) plots of the untreated and the carburized AISI 420 stainless steel:
(a) untreated; (b) 4 h carburized; (c) 8 h carburized; (d) 12 h carburized.

4. Conclusions

• After plasma carburization at 460 ◦C with gaseous acetone, uniform layers were formed on the
AISI 420 martensitic stainless steel surface, and the carburized layer was mainly composed of
carbon “expanded” α (αc) and some Fe3C phases.

• The hardness of the carburized layer on stainless steel could be improved up to 850 HV0.1,
which was about 2.8 times higher than that of the untreated one.

• The corrosion resistance of stainless steel after plasma carburization showed a slight decrease
under the present test conditions, and the corrosion characteristic of the stainless steel was altered
from pitting to general corrosion. The semiconductor characteristic of the passivation film on
stainless steel was transformed from the p-type for the untreated specimen to the n-type for
carburized specimens.
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Abstract: Improving the corrosion resistance of epoxy resin coatings has become the focus of
current research. This study focuses on synthesizing a functionalized silane coupling agent
(2-(3,4-epoxycyclohexyl)ethyl triethoxysilane) to modify the surface of graphene oxide to address
nanomaterial agglomeration and enhance the coating resistance of the epoxy resin coating to corrosion
by filling the coating with functionalized graphene oxide. Functionalized graphene oxide and
coatings filled with functionalized graphene oxide were characterized by Fourier transform infrared
spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy, scanning electron microscopy,
and transmission electron microscopy. The corrosion performance of each coating was studied by
electrochemical impedance spectroscopy and a salt spray test. Results showed that the incorporation of
functionalized graphene oxide enhances the corrosion protection performance of the epoxy composite
coating, and the composite coating exhibited the best anticorrosion performance when the amount of
functionalized graphene oxide was 0.7 wt %.

Keywords: epoxy resin; silane coupling agent; graphene oxide; surface modification; anticorrosion
performance

1. Introduction

Corrosion protection has gained considerable attention because corrosion has brought great
harm to the industry [1]. At present, metal protection methods are mainly categorized into alloy
protection, electroplating protection, electrochemical protection, and organic coating protection [2].
Among them, organic coating protection is widely used in several industrial fields owing to its low
price, easy construction and excellent performance [3]. An organic coating separates a corrosive
medium from a metal substrate and protects the metal substrate with a filler added to the coating and
to the film-forming material [4,5]. As a high performance resin, epoxy resin is widely used in aerospace,
industrial manufacturing, construction, and chemical fields [6,7]. Epoxy-based coatings have high
chemical resistance, good barrier properties, good adhesion, low film shrinkage, high cross-linking
density, easy curing, and low toxicity and are thus used to replace highly toxic and carcinogenic
zinc/chromate composite coating [8–10].

However, with the deteriorating environment and the diversity of production, pure epoxy resin
anticorrosion coatings have become increasingly difficult to meet the requirements, which also limits
the application of epoxy resin anticorrosion coating [11]. Therefore, methods for modifying epoxy resin
coatings, including structural modification [12,13], rubber modification [14], resin modification [15],
and filler modification [16–23] are necessary. During the curing, the volatilization of a solvent can lead
to the appearance of micropores, microcracks and diffusion channels in the coatings. These defects
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cause the easy absorption of moisture and reduction of the barrier and the adhesion properties of
the coatings, thereby accelerating corrosion [24,25]. For this problem, various fillers have been used
as reinforcements to improve coating performance. The modification of epoxy resin coatings with
fillers can reduce the costs of coating production and the shrinkage and fluidity of the coatings
and improve the chemical stability, thermal conductivity and mechanical properties of the coatings.
The commonly used fillers are roughly classified into three types, namely, flaky particles, fibrous
fillers and nanomaterials. Flaky particles mainly include aluminum powder and mica flakes [26].
They increase the corrosion resistance and improve the wear resistance of the coating. Fiber-based
fillers, like carbon fiber and glass fiber, have excellent thermal stability, corrosion resistance, wear
resistance, low density, and good interfacial compatibility [27,28]. However, the length of fibers
is extremely difficult to limit; hence, its application is still limited. Nanomaterials generally refer
to materials that have at least one dimension in a three-dimensional space with a nanometer size
(1–100 nm). The addition of nanomaterials to the coating greatly enhances the adhesion, mechanical
properties and corrosion resistance of the latter [29].

As an excellent nanomaterial, graphene oxide (GO) has gradually demonstrated broad prospects
and important functions in the field of coating fabrication. GOs have a highly specific surface
area and unique properties [30,31] and can enhance the barrier and corrosion resistance of coatings.
The distribution and compatibility of GO plays a decisive role in the performance of composite coatings.
GOs have a strong van der Waals force and contain hydrophilic oxygen-containing groups on their
surfaces and are thus incompatible with coating matrixes [32]. Moreover, these features result in
agglomeration, which in turn increases the amount of micropores and microcracks. The large amount
of oxygen-containing groups, that is, hydroxyl, carboxyl and epoxide groups [32], on GO surfaces can
provide suitable reaction sites for modification. Therefore, surface modification of GO is a promising
route to improve compatibility. Li et al. [33] studied the properties of silane-coupling-agent-modified
GO composite epoxy resin coatings. Their results showed that modified GO remarkably enhanced the
mechanical properties of epoxy resin.

Cyclohexene oxide and its derivatives are active chemical raw materials. They are easily soluble
in alcohols, ketones and various organic solvents. The epoxide groups of the molecular structure in
cyclohexene oxide are sufficiently active to participate in a variety of reactions. For example, it can react
with curing agents containing amino groups in coatings. Cyclohexene oxide is also a good reactive
diluent of epoxy resin, which can improve the compatibility with epoxy resin after modifying the fillers
in the coating system. At present, there is little research on the modification of fillers by cyclohexene
oxide and its derivatives. In this work, we synthesized a cyclohexene oxide-based silane coupling
agent, namely 2-(3,4-epoxycyclohexyl)ethyl triethoxysilane (ETEO), by hydrosilylation reaction [34],
and used it to modify the surface of GO. Then, GO and the modified GO were added into epoxy resin
coatings, and the effects of the modified GO on mechanical properties and corrosion resistance of
the epoxy resin composite coatings were investigated. Finally, we determined the optimum ratio of
the epoxy resin coatings with different filler contents to obtain the composite coating with the best
anticorrosion performance.

2. Materials and Methods

2.1. Materials

Karstedt catalyst solution, 4-vinyl-1-cyclohexene-1,2-epoxide (VCHO), triethoxysilane (TES), and
graphite (99.95%, metal basis) were Aladdin products (Shanghai, China). Potassium permanganate,
concentrated sulfuric acid, hydrogen peroxide, sodium nitrate, hydrochloric acid, and toluene were
purchased from Beijing Chemical Works (Beijing, China). A commercially available epoxy resin (E-44)
and polyamide curing agent (650) were supplied by Wuxi Dic Epoxy Co., Ltd., Wuxi, China. The steel
panels (Q235, 80 mm × 40 mm × 0.2 mm) were purchased from Biuged Laboratory Instruments
(Guangzhou) Co., Ltd., Guangzhou, China.
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2.2. Preparation of 2-(3,4-Epoxycyclohexyl)Ethyl Triethoxysilane (ETEO)

ETEO was prepared as described in our previous work [34]. In short, ETEO was synthesized
through a hydrosilylation reaction with VCHO and TES. The reaction equation is shown in Figure 1.

 

Figure 1. Schematic reaction of the 4-vinyl-1-cyclohexene-1,2-epoxide (VCHO) and triethoxysilane (TES).

2.3. Preparation of ETEO-Modified GO (ETEO-GO)

In this experiment, the graphene oxide was prepared by the Hummers method [35]. GO (0.2 g)
was ultrasonically mixed with deionized water (40 mL) for 1 h. Then, the suspension was placed in a
water bath at 60 ◦C and continuously stirred. The obtained ETEO (1.2 g) was gradually added, and the
system was reacted under reflux for 12 h. The suspension was filtered after the reaction, unreacted
ETEO was washed away with deionized water, and the product was dried at 60 ◦C for 24 h. Figure 2
shows the diagram of the synthesis of ETEO-modified GO.

 
Figure 2. Synthesis reaction of GO and 2-(3,4-epoxycyclohexyl)ethyl triethoxysilane (ETEO).

2.4. Preparation of Coatings

The metal substrate was wiped clean with ethanol and acetone and dried before spraying.
The coatings were made by taking the desired quantity of filler (0.7 wt % GO and 0.1 wt %, 0.4 wt %,
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0.7 wt %, and 1.0 wt % ETEO-GO) with epoxy resin. In addition, the pure epoxy coating (EP) was used
as a blank control group. Then, a curing agent was added into the compound and stirred at a high
speed for 30 min (Table 1). After spraying, the samples were kept at room temperature for 72 h and
then cured in an oven at 60 ◦C for 4 h. The dry thickness of the coatings were 120 ± 10 μm.

Table 1. Formation of coatings.

Sample Epoxy Resin (g) Curing Agent (g) Filler (wt %)

Pure epoxy (EP) 20 16 –
GO 20 16 GO (0.7 wt %)

EGO1 20 16 ETEO-GO (0.1 wt %)
EGO2 20 16 ETEO-GO (0.4 wt %)
EGO3 20 16 ETEO-GO (0.7 wt %)
EGO4 20 16 ETEO-GO (1.0 wt %)

2.5. Characterization

Fourier transform infrared spectroscopy (FTIR) was recorded using KBr disks on Fourier transform
infrared spectrometer (Nicolet Nexus 670, Nicolet, Thermo Fisher Scientific, Waltham, MA, USA). In all
cases, the scans were carried out in the spectral range from 4000 cm−1 to 400 cm−1 with a resolution of
4 cm−1. The phase crystalline structures of the GO and ETEO-GO were characterized by XRD analysis
using Japanese D/max 2500PC X-ray diffractometer (Rigaku, Tokoy, Japan) with a scan range of 8◦–90◦
and a scan speed of 5◦/min. The chemical bonding of ETEO on the GO surface was studied by X-ray
photoelectron spectroscopy (XPS, ESCALAB 250, American Thermoelectricity, Waltham, MA, USA)
using Al-Kα as the source. The surface morphology of the GO and ETEO-GO and the cross-section
morphology of the coatings were investigated by SEM (JSM-6700F, JEOL, Tokyo, Japan). The surface
morphology was also studied by TEM (JEM-2100F, JEOL).

2.6. Mechanical Performance Test

The mechanical properties of the coating were investigated by hardness and impact resistance.
The hardness of the coating was tested using a pencil hardness tester according to the GB/T 6739-2006
standard [36], and a pencil with a certain hardness was applied to the dried film. The scratches,
indicated by the hardest pencil mark, do not cause damage to the coating film; the coating impact
resistance was measured with a DuPont impactor according to ASTM-D2794 standard [37] and the test
piece was placed face up under the instrument head. The test results were expressed in terms of the
maximum drop height of the 1 kg weight that caused the coating to break.

2.7. Contact Angle Measurements

The contact angle of the coating was characterized using an OCA20 optical contact angle measuring
instrument (Data physics, Filderstadt, Germany). The test environment was at room temperature, and
the volume of a single drop of water was 2 μL. The value of each sample in the test was the average
of three test points per plane, and the measurement accuracy was ±0.1◦. The test procedure for all
samples was performed after the water droplets were stable for 30 s.

2.8. Coating Electrochemical Impedance Test

The electrochemical impedance of the coating was tested using a PARSTAT 2273 electrochemical
workstation (Ametek, Princeton, NJ, USA). The test frequency range was 105–10−2 Hz, the test voltage
was 20 mV, the exposed area of the steel plate was 21 cm2 with the NaCl solution, and the electrolytic
cell was a three-electrode electrolytic cell (the counter electrode was platinum electrode, the reference
electrode was saturated calomel electrode).
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2.9. Salt Spray Test

According to the “Neutral Salt Spray Test Standard” (GB/T 10125-1997 [38]), the coating was
continuously sprayed using a salt spray corrosion test chamber (ZhongkeMeiqi Technology Co., Ltd.,
Beijing, China). The coated panel was placed in a test chamber at an inclination angle of 15◦, and the
etching solution was 5% aqueous NaCl solution, which was scribed at the surface of the coating to
accelerate the observation of the degree of corrosion of the coating.

3. Results and Discussion

3.1. FTIR Analysis

To confirm the functionalization of GO sheets with ETEO, we examined the FTIR spectra of the GO
and ETEO-GO samples, as shown in Figure 3. The FTIR spectrum of GO revealed the C–OH stretching
as a broad peak at 3427 cm−1, the C=O stretching vibrations of carboxyl at 1730 and 1384 cm−1, and
C=C skeletal vibrations at 1629 cm−1. After modification of GO with ETEO, the new bands appeared
at 2923 and 1021 cm−1, which were assigned to the methylene of ETEO and the Si–O–C bands between
GO and ETEO. It can still be seen that the stretching vibration of the epoxide group appeared at
1070 and 830 cm-1. The appearance of the above characteristic peaks proved that ETEO successfully
modified GO.

Figure 3. Fourier transform infrared spectroscopy (FTIR) spectroscopy of GO and ETEO-GO.

3.2. XRD Analysis

The XRD spectra of GO and ETEO-GO samples are shown in Figure 4. The sharp diffraction
peak appeared at 10.7◦, which belonged to the (001) crystal face for the GO sample, indicating that
the structure of GO was highly ordered [39]. From Bragg’s law, the interlayer distance of GO was
0.826 nm. The diffraction peak of the (001) crystal face disappeared, representing an increase of the
interlayer spacing between the graphene oxide sheets. After functionalization of GO with ETEO, the
XRD pattern of the ETEO-GO sample showed no significant diffraction peaks, and the diffraction peak
of GO completely disappeared. This phenomenon may indicate that the ETEOs on the GO surfaces
have been able to exfoliate away the lamellae and produce a significantly less compact structure [40].
That was why the XRD shows no diffraction alongside the measurable angel span. The ETEO destroyed
the periodic structure of the GO and prevented the aggregation of the graphene sheets.
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Figure 4. XRD pattern spectra of GO and ETEO-GO.

3.3. XPS Analysis

The surface elements and valence structures of GO and ETEO-GO were analyzed by XPS. From the
results shown in Figure 5, the main element orbitals of GO were C 1s and O 1s. XPS spectra of GO
and ETEO-GO revealed that the C:O:Si ratio of GO was 60:40:0 and that of ETEO-GO was 59:33:8, also
indicating that GO has been functionalized with ETEO. The C 1s high-resolution spectra of GO sample
(Figure 5a) provided a more detailed description, where the binding energies at 287.9, 286.7, 285.4, and
284.5 eV correspond to the groups of O–C=O, C=O, C–O, and C–C bond, respectively [32]. Figure 5c
shows the XPS spectrum of ETEO-GO. The main elemental orbitals of ETEO-GO included C 1s, O 1s,
and Si 2p. Compared with the GO sample, the C 1s signal of ETEO-GO in Figure 5d exhibited new
peak at 285.6 (C–O/C–O–Si). The new bond indicated that the surface modification of GO by ETEO
had successfully caused the change of the valence structure of the element.

Figure 5. XPS survey spectra: (a) GO, (c) ETEO-GO; and high resolution spectra: (b) C 1s of GO, (d) C
1s of ETEO-GO.
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3.4. Morphology Analysis

Scanning electron microscopy and transmission electron microscopy were used to observe the
morphologies of GO and ETEO-GO in Figure 6 and Figure S1. GO exhibited a lamellar structure
in Figure 6a, and a stacking phenomenon occurred between the lamellas. The ETEO-GO sample
(Figure 6b) exhibited a very rough surface, as well as a fluffy, homogeneous deposited, and folded
morphology. The reason might be that the GO had high surface energy, resulting in high mutual
attraction between lamellas. After modification by ETEO, the surface energy of ETEO-GO was reduced
due to the presence of siloxane groups, resulting in a decrease of mutual attraction between the
ETEO-GO lamellas and preventing the lamellas from being separated due to excessive interaction
force. As can be seen from Figure 6c, GO has a typical lamella-like structure, and the surface is very
wrinkled. In Figure 6d, the surface of ETEO-GO nanomaterials was very rough and did not appear in
a simple lamella form. Combined with the conclusions drawn from FTIR, XRD and XPS, the ETEO-GO
nanomaterial was successfully prepared.

 

Figure 6. Morphologies of GO and ETEO-GO: (a) SEM image of GO; (b) SEM image of ETEO-GO;
(c) TEM images of GO; (d) TEM images of ETEO-GO.

3.5. Morphology Analysis of Coating Cross-Section

The cross-section SEM image of the coating is shown in Figures 7 and S2. Figure 7a shows the
cross-sectional morphology of the EP coating. The cross-section of EP was very uniform and smooth
with no other impurities. Figure 7b shows the cross-sectional SEM image of the GO coating. The GO
had agglomeration in the coating, leading to a decrease in the compactness of the coating. Therefore,
many cracks and holes appeared in the cross-section. The distribution of ETEO-GO in the two coatings
(Figure 7c,d) did not agglomerate, and the fracture mode of the coating section was still dominated by
brittle fracture. When the content of ETEO-GO was increased to 0.7 wt % (Figure 7e), the cross-sectional
morphology of the coating changed from smooth to rough, and the presence of ETEO-GO was fluffy,
helping the ETEO-GO fill in the epoxy coating and increasing the compactness of the coating. In
Figure 7f, the amount of ETEO-GO added was increased to 1 wt %, and cracks and holes appeared in
the cross section of the coating. The ETEO-GO was agglomerated, showing that the high content of
ETEO-GO would decrease the compactness of the coating.
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Figure 7. SEM images of cross-section microstructures: (a) EP; (b) GO; (c) EGO1; (d) EGO2; (e) EGO3;
and (f) EGO4.

3.6. Mechanical Properties

Table 2 shows the results of the coating hardness tests. After the addition of GO, the hardness of
the GO coating increased from 2H to 3H, while the hardness of the EGO3 coating with the same mass
fraction increased by two grades. This result was mainly because the GO agglomerated in the coating
and decreased the hardness due to the interaction force between the lamellas. With the increase of
the amount of ETEO-GO added, the hardness of the coatings was continuously enhanced. When the
addition amount was increased to 0.7 wt %, the hardness of the coating reached a maximum of 4H and
did not continue to increase as the ETEO-GO continued to increase. This result may be attributed to
the fact that ETEO-GO, as a rigid nanomaterial, can be evenly distributed in the epoxy resin to enhance
the hardness of the coating. When ETEO-GO was added in excess to cause agglomeration, it still acted
as a filler to enhance the strength of the coating and ensure that the coating retains its original strength.
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Table 2. Hardness of EP, GO, and EGO coatings.

Sample Hardness (H)

EP 2
GO 3

EGO1 2
EGO2 3
EGO3 4
EGO4 4

Table 3 lists the results of the coating impact resistance tests. As shown in Table 3, when GO
and ETEO-GO were added as fillers to the coatings, the impact resistance of the coatings was higher
than that of the EP coating. It showed that the addition of fillers can improve the coating impact
resistance. When the addition amount was 0.7 wt %, the impact resistance of the ETEO-GO coating
was greatly improved, more so than that of GO coating. The reason might be that ETEO-GO had
good dispersibility in epoxy resin. In addition, ETEO-GO can be arranged in parallel in the matrix
resin, and the oxygen-containing groups on the surface can be crosslinked with epoxy resin. These can
increase the uniformity of the coating. Also, the good dispersion of ETEO-GO in the epoxy resin matrix
effectively filled the micropores and microcracks presented in the epoxy resin itself, thereby reducing
the defects of the coatings. When the coatings were subjected to external impact, ETEO-GO would
reduce the local stress concentration of the coatings due to the fewer amounts of defects and enhance
the impact resistance of the coatings. When the addition amount of ETEO-GO was changed, the EGO3
coating showed the best impact resistance. As mentioned, ETEO-GO produced agglomeration in the
EGO4 coating, causing cracks and holes in the coating, which resulted in the lower impact resistance of
the EGO4 coating than EGO3.

Table 3. Impact resistance of EP, GO, and EGO coatings; the values are the mean of five replicates and
(±) correspond to the standard.

Sample Height (cm)

EP 10.2 ± 0.5
GO 38.7 ± 1.6

EGO1 19.4 ± 0.4
EGO2 22.4 ± 0.5
EGO3 ≥50
EGO4 40.1 ± 0.9

3.7. Wetting Performance

The contact angle can reflect the wettability of the coatings and affect the corrosion resistance [41].
Figure 8 shows a photograph of the contact angles of the composite coatings. The contact angle of
the GO coating was reduced to 56.2◦ relative to the EP coating. This was mainly because the surface
of the GO had a large number of oxygen-containing functional groups [42], and when the surface of
the coating was in contact with water, the oxygen-containing functional groups were easily combined
with water molecules by making hydrogen bonding [39], resulting in a phenomenon in which the
value of the contact angle decreased. The ETEO molecule had a cyclohexene oxide group containing
several methylene groups. Besides, Si–O–Si structure was formed after ETEO was grafted to the GO
surface, which caused an increase in the non-polarity of the GO surface. Therefore, the surface energy
of the ETEO-GO coating was lower than the GO coating, and the contact angle was higher as shown
in Figure 8. In addition, due to the poor dispersion of GO, the surface energy of the coating may be
uneven. The region where GO agglomerated was more likely to form hydrogen bonds. Thus, the
contact angle was decreased and the surface energy was increased.
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Figure 8. Water contact angle test results of different coatings: EP, GO, EGO1, EGO2, EGO3, and EGO4.

3.8. Electrochemical Impedance Spectroscopy

The coatings were immersed in a 3.5 wt % NaCl solution for 1 day, 10 days and 50 days. The
electrochemical protection properties of the coating on the steel were observed, and the results are
shown in Figures 9 and 10. In Figure 9, the phase angle values of all coatings were close to 90◦ in
the 10–105 Hz frequency range, and the low-frequency impedance modulus exceeded 109 Ω·cm2,
where the EGO3 coating was the highest in all samples, exceeding 1011 Ω·cm2. After 10 days, the
low-frequency impedance modulus of the EP coating and the GO coating were reduced to 2 × 107 and
4 × 108 Ω·cm2, respectively, while the EGO3 coating remained above 109 Ω·cm2. The phase angle of
the EGO3 coating was close to 90◦ in the frequency range of 10–105 Hz. On the contrary, the phase
angle value of the EP coating was obviously reduced, and the phase angle value of the GO coating
in the intermediate frequency phase decreased rapidly. This result indicated that the defects caused
by corrosion occurred in the two coatings at this time. The low-frequency impedance modulus of
the EGO3 coating was still the highest among the all coatings after 50 days. Figure 10 shows the
Nyquist diagrams of the coatings. The corrosion resistance of the coating can be measured by the
radius of capacitance arc. After the immersion time reached 50 days, the EP coating was shown as two
capacitance arcs with two relaxation times. The coating was contacted with the corrosive medium, and
the corrosion protection effect failed. The curve radius of the EGO3 coating was always the largest in
the Nyquist diagram of different immersed times, and the protection effect was the best. The data in
the Bode and Nyquist diagrams shows that the corrosive medium passed through defects and holes of
coating into coating/substrate interface, resulting in delamination of coating. The addition of GO filled
in some coating defects. Given that the GO was not uniformly dispersed in the coating, the corrosion
resistance was not greatly improved. The EGO3 coating still had good corrosion protection to the steel
substrate after immersion for 50 days, which might be attributed to the organic functional groups
on the surface of ETEO-GO that promoted its uniform dispersion in the coating to fill the holes and
corrosion channels. The corrosion resistance of composite coatings for different levels of ETEO-GO can
also be illustrated by the low-frequency impedance modulus. With the increase of ETEO-GO content,
the corrosion resistance of EGO composite coatings first increased and then decreased, which may be
caused by the agglomeration of ETEO-GO in the coating.
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Figure 9. Bode diagrams of coatings immersed in 3.5 wt % NaCl solution for (a,b) 1 day; (c,d) 10 days
and (e,f) 50 days.

Figure 10. Nyquist diagrams of coatings immersed in 3.5 wt % NaCl solution for (a) 1 day, (b) 10 days
and (c) 50 days. (d) Enlarged view of the red area in (c).

141



Coatings 2019, 9, 46

3.9. Salt Spray Test

Figure 11 is a digital photograph of coatings after a 400-h salt spray test. Rusts appeared on the
surface of the EP coating, and a large area of blisters was generated on the surface, indicating that
the corrosion medium had penetrated the EP coating completely to the steel substrate. However,
a significant agglomeration of GO was observed in the GO coating, mainly because the uneven
dispersion of GO in the coating resulted in different densities on the surface of the GO coating.
The agglomeration of GO increased the number of micropores and microcracks in the coating.
Micropores and microcracks can promote the generation of corrosion channels. Thus, a large amount
of corrosive medium diffused through the corrosion channels to the substrate, then the substrate began
to corrode, and corrosion products appeared. The corrosion products would destroy the original
structure of the coating and enlarge the corrosion channels, which would eventually lead to more
serious corrosion. Lowered corrosion products were created in the scratch section of the coatings
reinforced by ETEO-GO. These results confirmed that surface modification of GO with ETEO improved
the barrier and protection performance of the coatings. Besides, corrosion decreased with increasing
ETEO-GO contents. The surface of the EGO3 and EGO4 coatings showed only a small amount of
corrosion products and no blisters, showing better corrosion protection effects.

 
Figure 11. Photograph of samples after salt spray test for 400 h: (a) EP; (b) GO; (c) EGO1; (d) EGO2;
(e) EGO3; and (f) EGO4.

3.10. Analysis of Corrosion Protection Mechanism

The results of EIS experiments and salt spray tests showed that the corrosion resistance of the
composite coatings was obviously improved after the addition of GO and ETEO-GO. The reason might
be the reduction of cracks and micropores in the coating after the addition of GO and ETEO-GO. It has
been shown that the addition of ETEO modified the GO surface and can significantly increase the
layer spacing of GO or completely exfoliate away the lamellae. Therefore, the ETEO-GO was better
dispersed in the coating system. During the curing process, ETEO-GO molecules with epoxide groups
formed covalent bonds with the amino groups in the low molecular polyamide curing agents, which
can enhance the crosslink density of the composite coating and increase the compatibility of the fillers
with the coating matrix. Thereby, the barrier of the fillers can be increased against the penetration of
the corrosive medium. Moreover, the cyclohexene oxide groups which existed in the ETEO molecules
and Si–O–Si structures which formed after the modification can increase in the non-polarity of the GO
surface and lower the surface energy of the ETEO-GO coatings.

4. Conclusions

ETEO silane coupling agent was synthesized by VCHO and TES through the hydrosilylation
method, and the surface modification of GO was carried out by using ETEO. The periodic lamella
structure of GO was grafted with ETEO and then destroyed and transformed into a fluffy state with
a rough surface, which prevented the agglomeration of GO. The addition of ETEO-GO improved
the mechanical properties of the coatings and imparted a certain hydrophobicity to the coatings.
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The results of EIS and salt spray tests showed that the coatings containing ETEO-GO had better
corrosion resistance than the pure epoxy coating and the coatings with GO. The coating with 0.7 wt %
ETEO-GO showed the most excellent corrosion resistance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/9/1/46/s1,
Figure S1: TEM images of (a) GO and (b) ETEO-GO, Figure S2: SEM images of cross-section microstructures for
smaller magnifications: (a) EP; (b) GO; (c) EGO1; (d) EGO2; (e) EGO3; and (f) EGO4.
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5. Babić, R.; Metikoš-Huković, M.; Radovčić, H. The study of coal tar epoxy protective coatings by impedance
spectroscopy. Prog. Org. Coat. 1994, 23, 275–286. [CrossRef]

6. Pascault, J.P.; Williams, R.J.J. Relationships between glass-transition temperature and conversion-analyses of
limiting cases. Polym. Bull. 1990, 24, 115–121. [CrossRef]
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Abstract: This study explored an economically-feasible and environmentally friendly attempt to
provide more electrochemically promising carbon cloth anodes for microbial fuel cells (MFCs)
by modifying them with candle soot coating. The sponge-like structure of the deposited
candle soot apparently increased the surface areas of the carbon cloths for bacterial adhesion.
The super-hydrophilicity of the deposited candle soot was more beneficial to bacterial propagation.
The maximum power densities of MFCs configured with 20-s (13.6 ± 0.9 mW·m−2), 60-s
(19.8 ± 0.2 mW·m−2), and 120-s (17.6 ± 0.8 mW·m−2) candle-soot-modified carbon cloth
electrodes were apparently higher than that of an MFC configured with an unmodified electrode
(10.2 ± 0.2 mW·m−2). The MFCs configured with the 20- and 120-s candle-soot-modified carbon cloth
electrodes exhibited lower power densities than that of the MFC with the 60-s candle-soot-modified
carbon cloth electrode. This suggested that the insufficient residence time of candle soot led to
an incomplete formation of the hydrophilic surface, whereas protracted candle sooting would
lead to a thick deposited soot film with a smaller conductivity. The application of candle soot for
anode modification provided a simple, rapid, cost-effective, and environment-friendly approach to
enhancing the electron-transfer capabilities of carbon cloth electrodes. However, a postponement
in the MFC construction may lead to a deteriorated hydrophilicity of the candle-soot-modified
carbon cloth.

Keywords: microbial fuel cells; candle soot; carbon cloth electrode; surface modification

1. Introduction

Microbial fuel cells (MFCs) are an environmentally friendly option for alternative-energy
applications, as they can convert chemically bound energy into biomass-based electricity by
electroactive bacteria during a wastewater treatment [1–4]. MFCs can also be applied in the removal
of toxic pollutants, in environmental sensors, in harvesting the energy stored in marine sediments,
in bioremediation, and in desalination [3]. Recently, MFCs are utilized as a simultaneous power
source of self-powered electrochemical biosensors, because no potentiostat, power for the potentiostat,
and/or power for the signaling device are needed [5]. However, there are still some challenges
that need to be resolved in the practical applications of MFCs, including low power generation, the
cost of anode materials for large-scale applications, system development, and energy recovery [6,7].
Furthermore, the low extracellular electron transfer efficiency between the microorganism and the
electrode is the main bottleneck limiting the practical applications of MFCs [8]. Therefore, it is
important to improve electrode properties by a surface treatment to enhance the extracellular electron
transfer efficiency at the anode. Electrochemically active bacteria generate bioelectricity through three
mechanisms: A direct electron transport through membrane-bound proteins, conductive nanowires,
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and indirect shuttles through redox mediators [9]. As bacteria play a crucial role in the generation
of bioelectricity, the characteristics of anode electrodes are crucial for bacterial attachment to have
a power generation capability in the cost-effective operations of MFCs [10,11]. Compared to other
materials, carbonaceous electrodes are typically suitable as anodes of MFCs, owing to their high
conductivities, good biocompatibilities, excellent chemical stabilities, and relatively low costs [12,13].
However, the undesirable hydrophobicity of the carbonaceous electrodes normally leads to a high
resistance of electron transfer and low bioelectricity-generating efficiency.

To solve such technical problems, numerous studies demonstrated that appropriate modifications
upon the carbonaceous electrode surface seem to effectively improve electron-transfer characteristics
and power-generating performances of MFCs [10–14]. For example, Cheng and Logan [14] used an
ammonia treatment to increase the positive charges on the surfaces of carbon cloth electrodes and
obtained a maximum power density of 1970 mW·m−2. Feng et al. [15] reported that the power
generation of MFCs could be improved by an acid soaking of carbon fibers and approached a
maximum power density of 1370 mW·m−2. Lowy et al. [16] and Tang et al. [17] demonstrated
that the performances of MFCs could be improved by an electrochemical oxidation treatment of
graphite electrodes. Lowy et al. [16] reported that the quinone-modification of previously oxidized
graphite electrodes yielded an increase of the kinetic activity by a factor of 218. Tang et al. [17] showed
that MFCs with electrochemically oxidized graphite felt anodes produced a current of 1.13 mA, 39.5%
higher compared with that of MFCs containing untreated anodes. Chang et al. [18] reported that
carbon cloth electrodes exhibited superior surface and electrochemical properties after a modification
by atmospheric-pressure plasma jets. According to their study, the maximum power density of the
MFCs could be increased from 2.38 to 7.56 mW·m−2 after modification. In addition, the surface
properties of anode electrodes can be improved by coating them with carbon nanotubes [19], ferric
oxides [20], Au nanoparticles [21], goethite nanowhiskers [22], NiO nanoflake arrays [23], reduced
graphene oxides [24], and tungsten carbide [25]. However, most of these surface modification methods
are time consuming, less economically feasible, or not environmentally appropriate, due to the use of
chemicals that are potentially harmful to the environment.

Candle soot particles are tiny, unburned carbon that originated from the incomplete combustion
of easily available candles. Recently, candle soot has been widely implemented in solar and fuel
cell applications owing to its low cost, rapid and simple preparation, non-toxicity, high specific
surface area, and good conductivity [26–29]. For example, Wei et al. [26] have developed cost-efficient,
environmentally stable clamping solar cells by using candle soot for the hole extraction from ambipolar
perovskites. Kakunuri and Sharma [27] reported a simple and inexpensive approach to synthesizing a
fractal-like interconnected network of carbon nanoparticles from candle soot, used as an anode material
for a high-rate lithium-ion battery. Khalakhan et al. [28] reported that the elementary preparation, high
specific surface area, good conductivity, and hydrophobicity make candle soot a promising material
for the support of the proton-exchange-membrane fuel-cell catalyst. Liang et al. [29] reported that
ultrafine soot particles formed in the flame tip region of a candle are composed of elemental carbon
and ash, have a large specific surface area, and are hydrophilic. Evidently, the hydrophilicity and large
specific surface area of the flame-tip soot particles suggested that they were likely promising for the
surface modification of carbonadoes electrodes in MFCs. Nevertheless, no extensive studies on the
applications of candle soot have been reported for MFCs. Singh et al. [30] reported for the first time the
use of candle soot to modify the electrodes of MFCs. They successfully fabricated an ultrafine stainless
steel wire disk deposited by carbon nanoparticles derived from candle soot as the electrode of an MFC
and demonstrated that such modified MFC could provide a high capability for bioenergy extraction.
Although stainless steels own excellent corrosion resistances, long-term interactions between stainless
steel and living organisms might still cause corrosion of the steel’s chromium oxide layer, leading
to the release of metal ions and the inhibition of microbial growth. Here, carbon nanoparticles were
coated with candle soot, but they were directly deposited on the surfaces of carbon cloths. The surface
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properties of the candle-soot-modified carbon cloths with various duration of times were studied for
the maximal power generation of MFCs.

2. Materials and Methods

2.1. Construction of MFCs

Membrane-free air-breathing cathode single-chamber MFCs were adopted as described
elsewhere [31]. The MFCs were constructed in cylindrical tubes made of poly(methyl methacrylate)
with an operating volume of 220 mL. The anodes of the MFCs were carbon cloths (without
waterproofing or catalyst) with projected areas of approximately 22.9 cm2. The sizing of the air cathodes
had dimensions approximately equal to those of the anodes and comprised a polytetrafluoroethylene
diffusion layer on the air-facing side. Both carbon cloth and polytetrafluoroethylene diffusion layer
were purchased from CeTech, Taichung, Taiwan. Figure 1 shows the photography of the membrane-free
air-breathing cathode single-chamber MFC used in this study. Some of the carbon cloth anodes were
directly placed into the candle flame tip region for 20, 60, and 120 s prior to the construction of MFCs.
To consider the economic feasibility for sustainable development, the candles used were without
further treatment and purchased from a common grocery store in I-Lan, Taiwan.

Figure 1. Photography of the membrane-free air-breathing cathode single-chamber microbial fuel
cells (MFC).

2.2. Experimental Operations

Acclimation step: the microbe used in MFCs was Aeromonas hydrophila NIU01. The Luria–Bertani
(LB) broth medium (tryptone: 10 g·L−1, yeast extract: 5 g·L−1, and sodium chloride: 10 g·L−1) was
used as the culture medium in the MFCs. Approximately 5 mL of a concentrated O/N cultured
biomass was mixed with 0.2 × LB in MFCs for acclimatization. For a serial acclimation, approximately
5 mL of the cell broth were replaced by an impulse injection with a fresh sterile 8.8 × LB medium
every 48 h. The output voltage of the MFC was continuously monitored to determine whether stable
bioelectricity-generating profiles were achieved to guarantee success of electrochemical acclimatization.
Then, the steady-state output power generation of MFCs was approximately achieved after approx.
30 days acclimation.

Experimental step: The batch-fed mode of MFC operation with impulse injection of energy
substrate was carried out at 25 ◦C every 7 days. That is, 5.0 mL of 8.8 × LB broth laden was
supplemented to MFCs to maintain culture medium in 0.2 × LB for inspection. Approx. 1 h after
impulse injection of energy substrate, the supplemented medium was considered to be well-distributed
in MFC and then electrochemical analysis of MFCs was conducted.
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2.3. Characterizations

The surface and cross-sectional morphologies of the candle-soot-modified carbon cloths were
measured with a scanning electron microscope (SEM) (5136MM, Tescan, Kohoutovice, Czech Republic).
The surface wettabilities of the candle-soot-modified carbon cloths were measured using the sessile
drop method by a contact-angle instrument (FTA125, First Ten Ångstroms, Portsmouth, OH, USA).
Digital images of deionized-water droplets with volumes of approximately 10 μL were captured after
the droplet on the film reached a steady state (approximately 5 s) to determine the equilibrium sessile
contact angle. The average contact angle was determined by averaging 7 random measurements at
different locations on the film, excluding outlier-data values. The surface chemical compositions of
the candle-soot-modified carbon cloths were analyzed using an X-ray photoelectron spectrometer
(XPS) (K-Alpha, Thermo Scientific, Waltham, MA, USA) with a monochromatic Al Kα radiation
source (1468.6 eV). Survey spectra of the specimens were acquired in the range of 0–1000 eV
with steps of 1 eV. C1s and O1s spectra of the specimens were measured in steps of 0.05 eV. The
power-generating capabilities of the MFC were evaluated using an electrochemical workstation (ZIVE
SP1, WonAtech, Seoul, Korea). The MFC voltage was automatically measured with an external
resistance of Rout = 1000 Ω for comparison purpose. The power and current densities of each MFC
were determined by linear sweep voltammetry (LSV) measurements at a scan rate of 0.1 mV·s−1;
the corresponding voltages were recorded using a multimeter (ZIVE SP1, WonAtech, Seoul, Korea).
All of the MFC experimental tests were carried out at ambient temperature. The average power density
was calculated from 7 replicated-measurements. The internal resistance of the MFC was measured by
electrochemical impedance spectroscopy (EIS) at open-circuit voltage conditions in a frequency range
of 0.005–100,000 Hz at an amplitude of 10 mV.

3. Results

3.1. Surface Morphologies

Figure 2a–d exhibits top-view SEM images of the unmodified carbon cloth and those modified by
20, 60, and 120 s of candle sooting, respectively. Figure 2a shows that the unmodified carbon cloth
comprises smooth carbon fibers with diameters of ca. 10 μm. Figure 2b shows the diameters of the
carbon fibers increased to approximately 20 μm after 20 s of candle sooting, indicating that some
candle soot particles were deposited on the surfaces of the carbon fibers. Figure 2c reveals that the
carbon fibers of the carbon cloth modified by 60 s of candle sooting were apparently thicker than those
modified for 20 s. It clearly suggested that more abundant soot particles were deposited on the surface
of the carbon cloth. Figure 2d shows that the carbon cloth was densely covered by soot particles after
the 120 s of candle sooting. In addition, the morphologies of the carbon fibers became characterless.
According to Figure 2a–d, it was concluded that the number of deposited soot particles significantly
increased with the residence time for candle soot. Figure 2e,f shows magnified SEM images of the
carbon cloths modified by 60 s (Figure 2c) and 120 s (Figure 2d) of candle sooting, respectively.
Figure 2e,f demonstrates that both deposited soot particles exhibited sponge-like structures. This
suggests that the surface areas of the carbon cloths could be effectively increased for a microbial
attachment after the modification by candle soot, if the biotoxicity potency of modified cloths were not
significantly augmented.

Figure 3a–d presents cross-sectional SEM images of the unmodified carbon cloth and those
modified by 20, 60, and 120 s of candle sooting, respectively. Figure 3a shows that the thickness of
the unmodified carbon cloth was approximately 200 μm. Figure 3b reveals that some soot particles
were deposited on the surface of the carbon cloth; however, they seemed to not be very uniformly
distributed. Figure 3c,d shows that more abundant soot particles were deposited on the surfaces of the
carbon cloths, forming dense candle soot films after the candle sootings for 60 and 120 s, respectively.
Figure 3 also elucidates that carbon fibers in the carbon cloths were not fractured or attenuated during
candle soot modification.
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Figure 2. Top-view SEM images of the (a) unmodified carbon cloth and those modified by candle
sooting for (b) 20 s, (c) 60 s, and (d) 120 s. (e,f) Magnified views of (c) and (d), respectively.

Figure 3. Cont.
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Figure 3. Cross-sectional SEM images of the (a) unmodified carbon cloth and those modified by candle
sooting for (b) 20 s, (c) 60 s, and (d) 120 s.

3.2. Wettability

Figure 4a shows the water contact angle measurement results of the unmodified and
candle-soot-modified carbon cloths. As shown in Figure 4a, unmodified carbon cloth exhibited
a high-water contact angle of approximately 131.5◦ ± 1.9◦, indicating that the surface of the as-received
carbon cloth was highly hydrophobic. After 20 s of candle sooting, the water contact angle of the
carbon cloth decreased to approximately 89.9◦ ± 26.3◦. The high standard deviation (±26.3◦) could be
explained by the fact that the deposited soot particles were not uniformly distributed on the surface of
the carbon cloth (Figure 3b). Figure 4a also shows that the water contact angles of the carbon cloths
modified by 60 and 120 s of candle sooting approached the value of zero, suggesting that the carbon
cloths tended to be highly hydrophilic with a sufficient time of candle sooting.

Figure 4. (a) Water contact angles of the unmodified carbon cloth and those modified by candle sooting
for 20, 60, and 120 s. (b) Water contact angles of the unmodified and candle-soot-modified carbon
cloths as a function of the standing time.

To evaluate the feasible duration to stably maintain such a hydrophilicity of the modified carbon
cloths, the altered carbon cloths were exposed in ambient environment after the candle sooting and
the water contact angles of these cloths were determined every five days. Apparently, as Figure 4b
revealed, the water contact angles of the unmodified and candle-soot-modified carbon cloths could be
found as a function of exposure time. As shown in Figure 4b, the water contact angle of the untreated
carbon cloth was maintained at approximately 130◦ throughout 70 days. On the other hand, the water
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contact angle of the 20-s candle-soot-modified carbon cloth gradually increased from approximately
90◦ to 120◦ during exposure in the presence of ambient air for 10 days. Although the water contact
angles of the 60- and 120-s candle-soot-modified carbon cloths were nearly 0◦ immediately after surface
modification, their high hydrophilicities began to deteriorate after exposure to ambient air for five
days. Henceforth, their water contact angles gradually increased to approximately 80◦ after 40 days.
Nonetheless, the 60- and 120-s candle-soot-modified carbon cloths were still more hydrophilic than
the unmodified and 20-s candle-soot-modified carbon cloths after 70 days. This result seemed to
suggest that the coating of candle soot onto carbon cloths was more likely a physical and less likely a
chemical attachment.

3.3. XPS Measurements

Figure 5 presents survey XPS of the unmodified and candle-soot-modified carbon cloths. Each
specimen exhibited signals only at approximately 284 and 532 eV corresponding to C1s and O1s,
respectively. Figure 6a–d shows C1s high-resolution XPS of the unmodified carbon cloth and those
modified by 20, 60, and 120 s of candle sooting, respectively. As shown in Figure 6a, the C1s
characteristic peak of the unmodified carbon cloth can be deconvoluted into a major sp3 C–C peak
at approximately 284.8 eV and minor C–O peak at approximately 286.1 eV. Figure 6b reveals that
the C1s characteristic peak of the 20-s candle-soot-modified carbon cloth comprises C–C and C–O
peaks, as those of the unmodified carbon cloth. Additional sp2 C–C and C=O peaks appeared at
approximately 284.4 and 288.7 eV, respectively. Figure 6c,d shows that the C1s characteristic peaks
of the 60- and 120-s candle-soot-modified carbon cloths, respectively, were similar to that of the 20-s
candle-soot-modified carbon cloth.

Figure 7a–d shows O 1s high-resolution XPS of the unmodified carbon cloth and those modified
by 20, 60, and 120 s of candle sooting, respectively. As shown in Figure 7a, the signal peak for the O1s
characteristic of the unmodified carbon cloth, was insignificant. The origin of the oxygen signal was
likely attributed to the residual contamination on the carbon cloth surface. On the contrary, as shown
in Figure 7b–d, the 20, 60, and 120-s candle-soot-modified carbon cloths exhibited significant O1s
characteristic peaks, which could be distributed into C–O, C=O, and C–OH peaks at approximately 531,
532, and 533 eV, respectively. According to Figures 6 and 7, it was concluded that the chemical bonding
on the surface of the carbon cloth was effectively modified from major sp3 C–C and minor C–O to
abundant sp2 C–C, C–O, C=O, and C–OH after the candle soot modification. Nevertheless, the candle
soot residence time seemed not to significantly influence on the constitution of the chemical bonding.

Figure 5. Survey XPS of the unmodified and candle-soot-modified carbon cloths.
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Figure 6. C 1s XPS of the surfaces of the (a) unmodified carbon cloth and those modified by candle
sooting for (b) 20 s, (c) 60 s, and (d) 120 s.

Figure 7. O1s XPS of the surfaces of the (a) unmodified carbon cloth and those modified by candle
sooting for (b) 20 s, (c) 60 s, and (d) 120 s.
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3.4. Microbial Colonization

Figure 8a–d shows SEM images of the surfaces of the unmodified carbon cloth and those modified
by 20, 60, and 120 s of candle sooting, respectively, after immersion in the chambers of the MFCs for
24 h. Figure 8a shows that some microorganisms colonized on the surface of the unmodified carbon
cloth. In addition, some biofilm segments formed between the carbon fibers. Figure 8b–d show more
abundant microorganisms and biofilms formed on the surfaces of the candle-soot-modified carbon
cloths. Figure 8 demonstrates that the surface modification by candle soot could effectively accelerate
the propagation of microorganisms and formation of biofilms onto the surfaces of the carbon cloths.

Figure 8. SEM images of the surfaces of the (a) unmodified carbon cloth and those modified by (b) 20,
(c) 60, and (d) 120 s of candle sooting after immersion in the chambers of the MFCs for 24 h.

3.5. Electrochemical Performance

Figure 9a shows the LSV results and power density response curves of MFCs configured with
the unmodified and candle-soot-modified carbon cloth electrodes. Figure 9a indicates that the
highest power densities of MFCs configured with the electrode of unmodified carbon cloth and
with those modified by 20, 60, and 120 s of candle sooting were ca. 10.2 ± 0.2, 13.6 ± 0.9, 19.8 ± 0.2,
and 17.6 ± 0.8 mW·m−2, respectively. This implied that the power-generating efficiencies of MFCs
could be effectively enhanced by the candle soot modification. To compare internal resistance figures
of different MFCs, EIS analysis on MFCs configured with the unmodified and candle-soot-modified
carbon cloth electrodes were implemented (Figure 9b). As shown in Figure 9b, each MFC exhibits
a single capacitive loop, which was fitted by the constant-phase-element (CPE) circuit model.
The circuit comprises a CPE in parallel with a charge-transfer resistance (RCT), as shown in Figure 9c;
the impedance of the CPE can be calculated as: ZCPE = 1

T(jω)ϕ
[32]. The Z-View® software

(ZMANTM2.3) was adopted for fitting the impedance of the CPE; ϕ is denoted as CPE-P and T
is denoted as CPE-T. Table 1 presents the calculated values of RS, CPE-T, CPE-P, and RCT of the MFCs
configured with the untreated and candle-soot-modified carbon cloth electrodes. The RCT values of
the MFCs configured with the unmodified carbon cloth electrode and with those modified by 20, 60,
and 120 s of candle sooting were 2342, 1875, 619, and 1138 Ω, respectively. As RCT corresponds to the
resistance of the electrochemical reaction on the electrode [33], Figure 9b demonstrates that the candle
soot effectively improved the charge transfer efficiencies of the MFCs. The optimal duration of candle
soot to minimize electron transfer resistance was ca. 60 s.
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Figure 9. (a) Power density response curves and (b) EIS results of the MFCs configured with the
unmodified and candle-soot-modified carbon cloths; (c) Equivalent circuit model.

Table 1. RS, CPE-T, CPE-P, and RCT of the MFCs configured with the unmodified and 20-, 60-, and
120-s candle-soot-modified carbon cloth electrodes.

Modified Sample RS (Ω) CPE-T CPE-P RCT (Ω)

unmodified 27.21 0.0075 0.7985 2342
20 s of candle sooting 25.73 0.0054 0.6458 1875
60 s of candle sooting 22.06 0.0091 0.6665 619

120 s of candle sooting 20.82 0.0070 0.7580 1138

4. Discussion

According to the electrochemical results in Figure 9, evidently the MFCs configured with the
candle-soot-modified carbon cloth electrodes exhibited higher power densities and lower total internal
resistances than those of the MFC with the unmodified carbon cloth electrode. This was very likely
attributed to the sponge-like porous structure of the deposited candle soot that effectively increased
the surface areas of the electrodes and facilitated the microbial colonization (Figures 2 and 8). The more
promising electron transfer capabilities of modified MFCs can also be attributed to the hydrophilic
surfaces of the candle-soot-modified carbon cloths. According to the XPS results in Figures 6 and 7, only
sp3 C–C and small number of C–O functional groups were observed on the surface of the unmodified
carbon cloth, whereas abundant sp2 C–C, C–O, C=O, and C–OH functional groups were observed on
the surfaces of the candle-soot-modified carbon cloths. The abundant C–O, C=O, and C–OH functional
groups led to the super-hydrophilic surfaces of the candle-soot-modified carbon cloths with more
electroactive characteristics for electron transfer in power generation. As bacteria were more likely to
attach and propagate onto the hydrophilic surface [34], the candle-soot-modified carbon cloths would
favor the microbial growth as demonstrated in Figure 5. In addition, the carboxyl functional groups
on the surfaces of the candle-soot-modified carbon cloths facilitated the transfer of electrons from
the attached bacteria to solid electrodes. This was possibly due to the hydrogen bonding with the
membrane-bound peptide bonds in bacterial cytochromes associated with the intracellular electron
transfer chain [17]. Furthermore, the conductive nature of sp2 C–C in the candle soot was beneficial to
the power generation efficiencies of MFCs as the transfer of electrons from the aqueous-phase media
to the solid-phase electrodes in the MFCs was not impeded by the deposited candle soot.

Although the candle-soot-modified MFCs exhibited better electrochemical characteristics than
that of the unmodified MFC, the appropriate residence time of candle soot still significantly affected
the electrochemical performances of the MFCs. Compared to those of the other candle-soot-modified
MFCs, the MFC configured with the 20-s candle-soot-modified carbon cloth electrode exhibited the
lowest power density of 13.6 ± 0.9 mW·m−2 and highest RCT of 1875 Ω. This could be attributed to
the insufficient candle soot residence time, leading to a partially hydrophilic surface of the carbon cloth.
On the contrary, the MFC configured with the 60-s candle-soot-modified carbon cloth electrode had
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the highest power density of 19.8 ± 0.2 mW·m−2 and lowest RCT of 619 Ω. This was likely attributed
to the nearly complete formation of the highly hydrophilic surface of the 60-s candle-soot-modified
carbon cloth. In addition, the toxicity was possibly not significantly increased after modification,
thus it was more favorable for microbial colonization and biofilm formation. Although the 120-s
candle-soot-modified carbon cloth exhibited comparable surface characteristics to those of the 60-s
candle-soot-modified carbon cloth, the maximum power density of the MFC configured with the 120-s
candle-soot-modified carbon cloth electrode (17.6 ± 0.8 mW·m−2) was slightly lower than that of the
MFC configured with the 60-s candle-soot-modified carbon cloth electrode. This unexpected result
could be explained by the fact that the conductivity of the candle soot film was normally deteriorated
when the film was thicker than the optimal threshold thickness for maximal electron transport efficiency.
That is, candle soot with coating in less layers would significantly increase hydrophilicity to reduce
electron transfer resistance for power generating augmentation in MFCs. However, a dense coating of
candle soot would result in increased resistance across multiple layers as an electron transfer barrier
for power generation. Similar results have been obtained for other nanostructured carbonaceous or
flame-soot nanoparticle films [35,36].

Extensive studies have been performed to improve the electrochemical performances of MFCs by
modifying the surface properties of the anode electrodes. Table 2 lists the comparison of the chemicals
and instruments used in these anode modifications [14–25,30]. As shown in Table 2, most of these
techniques involve expensive instruments, complex and time-consuming processes, or potentially
toxic chemicals. That was why this study intentionally used some procedure-simple and cost-effective
alternatives for the surface modification of cloth electrodes with practicability. Although the power
outputs achieved from the MFC with candle-soot modified electrodes are relatively low compared
to the ones reported in most of the works of Table 2, this study simply focused on the applicability
of using candle soot as a possible means to modify electrode characteristics for the enhancement of
power generation in MFCs. Such modification was just a first-step treatability assessment and did not
cover the overall optimization of the MFC system. As a matter of fact, several factors (e.g., microbial
characteristics, MFC bioreactor operation strategy, biofilm development, bacterial community structure,
solid-solid, solid-liquid interfacial electron-transfer resistance, exogenous electron shuttles) were
inevitably still required to be explored for system optimization. However, the influences of individual
factors after the modification were still worthy to be uncovered for the follow-up practicability. The
carbon cloth-electrode was regularly used as control/reference to compare with our new and/or novel
methods of modification and/or literature data. Recently, Singh et al. [30] were the first to deposit
candle soot on ultrafine stainless steel wire disks as the anode and cathode electrodes and successfully
enhanced the electrochemical properties of double-chamber MFCs. Their findings indicated that
the synthesis of the carbon-nanoparticle-based electrodes by candle soot was simple, cost-effective,
reproducible, and scalable, and the fabricated MFC could produce a high amount of bioenergy. In our
study, we directly deposited candle soot on the surface of the carbon cloth electrode, rather than on
a stainless-steel disk. Noticeably, the candle soot modification could effectively facilitate bacterial
colonization and biofilm formation on the surface of the carbon cloth, increasing the extracellular
electron transfer efficiency and the power generation capabilities of MFCs. However, it should be noted
that the MFCs could exhibit the optimized efficiencies only when the carbon cloth was modified using
an appropriate candle soot residence time for maximal electron transfer capacities to be expressed.
That is, the super-hydrophilicities of the candle-soot-modified carbon cloths typically deteriorated
with longer time of exposure. Therefore, the candle-soot-modified carbon cloth electrodes should be
fabricated into MFCs as soon as possible after the modification is completed to exhibit an optimal
performance. Besides, the candle-soot-modified carbon cloth electrodes are suitable for large-scale
MFC applications because of their low cost and easily prepared. Nevertheless, the modification method
for a large-scale anode should be carefully designed and controlled to obtain a homogeneous surface.
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Table 2. Comparison of the chemicals and instruments used in various anode modifications.

Methods Anode Materials
Chemicals and Instruments

Used in Modifications
Performance Ref.

NH3 gas treatment Carbon cloth Ammonia Maximum power density of
1970 mW·m−2 [14]

Acid soaking and
heating Carbon fiber brush

Ammonium Peroxydisulfate,
Concentrated Sulfuric Acid,

Muffle Furnace

Maximum power density of
1370 mW·m−2 [15]

Oxidized anode and
modified by AQDS Graphite plate

Anthraquinone-1,6-disulfonic
Acid, Perchloric Acid,

1,4-Naphthoquinone, Ethanol

Increase kinetic activity of a
factor of 218 [16]

Electrochemical
treatment for 12 h Graphite felt H2SO4

Increase current production
of 39.5% [17]

Atmospheric pressure
plasma jets Carbon cloth Atmospheric Pressure Plasma Jets

Increase maximum power
density from 2.38 to 7.56

mW·m−2
[18]

Coating carbon
nanotube Carbon cloth Multiwall Carbon Nanotubes,

Ethanol
Maximum power density of

65 mW·m−2 [19]

Coating Ferric Oxide Carbon paper Ferric Citrate, Acetate
Increase maximum power

density from 2 to 40
mW·m−2

[20]

Sputtering Au
nanoparticles Carbon paper

Au Nanoparticles, Electron Beam
Physical Vapor Deposition

(EBPVD) Machine

1.22–1.88-Fold increase in
power density [21]

Coating goethite
nanowhiskers Carbon paper Fe(NO3)3·9H2O, Teflon-lined

Stainless Steel Autoclave, KOH
60% increase in current

density [22]

Coating NiO nanoflaky
array Carbon cloth

H2SO4, Nickel Chloride,
CO(NH2)2, Hexadecyl Trimethyl

Ammonium Bromide, Teflon-lined
Stainless Steel Autoclave

3-Fold increase in power
density [23]

Atmospheric-pressure
plasma jet processed

reduced graphene
oxides

Carbon cloth

Atmospheric Pressure Plasma Jets,
Reduced Graphene Oxide,
Terpineol, Ethanol, Ethyl

Cellulose

Increase maximum power
density from 6.02 to 10.80

mW·m−2
[24]

Tungsten carbide Graphite foil
Tungsten Carbide, Yellow

Tungsten Acid, Oxalic Acid,
NH4Cl, Tube Furnace

Achieve current density of
8.8 mA·m−2 [25]

Coating candle soot on
ultrafine stainless steel

wire disks

Ultrafine stainless
steel wire disk

HCl, Acetone, Ethanol, Candle,
Hydraulic Press

Produced a high OCP (0.68
V), limiting current density
(7135 mA/m2) and power
generation (1650 mW/m2)

[30]

Coating candle soot on
carbon cloths Carbon cloth Candle

Increase maximum power
density from 10.2 to 19.8

mW·m−2

This
study

5. Conclusions

This study demonstrated that the use of candle soot is an effective and economic method for the
surface modification of carbon cloth electrodes to improve the electrochemical performances of MFCs.
The SEM results showed that the carbon fibers in carbon cloths were not fractured or attenuated during
the candle sooting. The deposited soot particle films exhibited sponge-like structures, providing
larger surface areas for bacterial adhesion. The wettability measurements revealed that a residence
time of only 60 s was inevitably required to alter the hydrophobic surfaces of the carbon cloths to
super-hydrophilic. XPS results showed that abundant sp2 C–C, C–O, and C=O functional groups
existed on the surfaces of the candle-soot-modified carbon cloths. The C–O and C=O functional groups
were responsible for the super-hydrophilicity of the non-toxic surfaces of the candle-soot-modified
carbon cloths. The carboxyl and sp2 C–C functional groups favored the transfer of electrons from the
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attached bacteria to the electrodes. The electrochemical measurements demonstrated that the MFC
configured with the 60-s candle-soot-modified carbon cloth electrode exhibited the highest power
density of 19.8 ± 0.2 mW·m−2 and lowest total internal resistance of 619 Ω, among the considered
MFCs. Therefore, the use of candle soot is a rapid, economic, and simple method for the surface
modification of carbon cloth electrodes. However, after the candle soot modification is completed,
a postponement in the MFC construction may lead to the deterioration in the super-hydrophilicity of
the candle-soot-modified carbon cloth.
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Abstract: In this present study, we aimed to reduce the wetting angle of nanoparticles (NPs) in molten
steel and thus, increase their utilization ratio in steel. In order to achieve this, a two-step process was
used to synthesize a core-shell AlTi-MgO@C NP structure for steelmaking through a dopamine
polymerization process, which used an ammonium persulfate oxidant and high-temperature
carbonization. The NP surface characterization was tested by scanning electron microscopy and
field emission transmission electron microscopy, while the hydrodynamic NP size was measured
by dynamic light scattering. The results showed that a carbon coating that had a thickness of 10 nm
covered the NP surface, with the dispersion and stability of the particles in the aqueous solution
having improved after the coating. The contact angle of the surface-treated NP was less than that
of the uncoated NP in high-temperature molten steel and the corresponding wetting energy was
smaller, which indicated improved wettability.

Keywords: MgO nanoparticle; dopamine polymerization; carbonization process; core shell structure;
contact angle

1. Introduction

The surface modification of materials plays a vital role in modern chemistry, biology and the
science of materials science. This has been widely applied in the fields of science, engineering
and technology [1,2]. There are numerous and varied methods for modification, including
Langmuir–Blodgett deposition, monolayer self-assembly and layer-by-layer self-assembly. This can
be chosen according to optimal compatibility with the specific material requirements [3–6]. However,
these methods lack efficacy on a broad range of material surfaces.

In the science of surface coatings, carbon coating technology has been widely used due to its
chemical stability. Glucose has been used as a carbon source, but its specific capacity is limited due to
a relatively high carbon content. Oleic acid [7], citric acid [8], ethylenediaminetetraacetic acid [9] and
other organic compounds have been used as a substitute for glucose to provide a carbon source but
obtaining a relatively uniform carbon layer remains a challenge.

Dopamine can be utilized to form polydopamine (PDA) in alkaline pH conditions to create
oxide-induced self-polymerization [10]. After this, the PDA can become adhered to the surface of
a solid material through an amino- or mercapto-nucleophilic reaction. This widely-used method
exhibits strong adhesion properties, easily produces a functional modification of the material surface
and is unaffected by the size and shape of the material. The advantages of dopamine-encapsulated
materials are linked to the simple reaction conditions and the homogeneous coating [11]. In addition,
the thickness of the dopamine layer can be controlled by changing the initial concentration and
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polymerization time of the dopamine. This is important especially considering that thickness control
is very important for material design and surface modification [12]. Due to the excellent and versatile
coating capabilities of dopamine, it can be used as a precursor of carbon to form a uniform and
continuous coating on the NP surface [13,14]. After this, by controlling the heat treatment atmosphere,
the coating of PDA on the material can be converted into a carbon layer through high-temperature
carbonization [15].

The purity of molten steel plays an important role in determining the properties of the steel
and the distribution of second-phase nanoparticle (NP) dispersions in the steel can be used as an
external method to improve steel purity [16]. This is accomplished because NPs can alter inclusion
characteristics so that the precipitation of molten steel in the cooling process becomes finer and
can reach sizes on even the nanoscale, avoiding the adverse effects of large inclusions in the
steel [17]. However, due to the large surface properties of the NPs, they easily agglomerate in the
high-temperature steel and reduce the yield.

Using these dispersant and nanoscale materials, some groups have mechanically hot-pressed
the NPs mixed with the metal alloy powder in experiments, with some having added the NPs to the
molten steel. The addition of the NPs was found to have a significant effect [18,19], although the NPs
that entered into the welding pool were found to gather and float to the surface of the steel liquid.
Thus, the second-phase particle yield in oxide metallurgy technology is a key problem that must be
solved before this production can be applied for real-life applications [20]. In this study, NP surfaces
were modified by a chemical method. The characterization showed that the treated NPs had good
stability and dispersibility, with successful preparation of NPs with a core-shell structure. The surface
coating method was beneficial in reducing the contact angle between the NP and the steel liquid and
in improving the yield of the nanoparticles in the steel liquid.

2. Materials and Methods

2.1. Materials

The dopamine hydrochloride and ammonium persulfate used in this present study were
purchased from Sigma (Beijing, China), while the Al, Ti and MgO NPs were purchased from Chao Wei
Co., Ltd. (Shanghai, China). All other chemicals used were of at least analytical reagent grade and
were obtained from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). Aqueous solutions were
prepared using deionized water (Milli-Q system).

Our first aim was to improve the dispersion of the MgO NPs in liquid steel. Firstly, the AlTi
(diameter of 50–70 nm) NP alloy was manufactured by mechanically mixing the individual NPs with a
weight ratio of Al and Ti NP of 7:3. This NP mixture was called the AlTi alloy NP. The AlTi (Al with
70 wt %; Ti with 30 wt %) NP alloy and the MgO NPs were mixed in a planetary ball mill (IKN
Mechanical Equipment Co., Ltd., Berlin, Germany) with a mass fraction of the MgO to AlTi alloy of 5:1.
During mixing, the planetary ball mill was operated at 6500 rpm/min for 4 h at a low temperature
and under low oxygen conditions, which aims to avoid the risk of high temperatures resulting from
particle collisions.

2.2. Characterization

The morphologies and chemical compositions of the samples were measured using field
emission scanning electron microscopy (SEM, Hitachi, Tokyo, Japan) and field emission transmission
electron microscopy (TEM, Hitachi, Tokyo, Japan). X-ray diffraction spectra (XRD, PANalytical
Co., Ltd., Amsterdam, The Netherlands) of the samples were obtained at a scan rate of 1◦/min.
The hydrodynamic sizes of NPs were measured by dynamic light scattering (DLS, Malvern,
Worcestershire, UK) in deionized water at room temperature.
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2.3. Preparation of AlTi-MgO@PDA nanoparticles (NPs)

To coat the NPs with PDA, 300 mg of dopamine hydrochloride and 300 mg of AlTi-MgO NPs were
added to a phosphate-buffered solution (0.1 M, pH of 7.0) with magnetic stirring for 2 h. After this,
170 mg of ammonium persulfate was added into the mixture, which was stirred for another 1 h.
This produced AlTi-MgO@PDA NPs, which were obtained after several rounds of centrifugation
and washing with distilled water and ethanol. All reactions were conducted at room temperature.
The process of self-polymerization is shown in Figure 1.

Figure 1. Schematic diagram of the formation of the PDA film on AlTi-MgO nanoparticles (NPs).

2.4. Preparation of AlTi-MgO@C NPs

To carbonize the PDA film, the AlTi-MgO@PDA NPs were placed into a tubular furnace,
which was maintained at 550 ◦C for 4 h in a nitrogen environment. After the heat treatment,
the AlTi-MgO@C NPs were soaked in a 0.24 M HCl solution for 30 min, before being rinsed several
times with deionized water. Figure 2 shows the process of the high-temperature carbonization of NPs.

Figure 2. Schematic diagram of the formation of the carbon film after heat treatment.
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3. Results

3.1. NP Characteristics

Figure 3 shows the typical SEM and TEM images of the AlTi-MgO NP cores for steelmaking.
After the pre-dispersion ball-milling treatment, the NPs were shown to be spherical with a smooth
surface that exhibits no coating. Figure 3C shows the XRD pattern of the AlTi-MgO NPs, which depicts
many narrow peaks. The narrowness of the peaks indicated that the NPs have good crystallinity after
the pre-dispersion treatment. The corresponding phases were identified as Al and Ti as individual
substances and MgO oxide. Furthermore, the MgO NPs easily combined with the water vapor in the
air to form Mg(OH)2.

Figure 3. Analysis of the bare AlTi-MgO NPs, showing the: (A) Scanning electron microscopy
(SEM) image; (B) Transmission electron microscopy (TEM) image; and (C) X-ray diffraction spectra
(XRD) pattern.

Figure 4 shows the typical SEM and TEM images of the AlTi-MgO@PDA NPs for steelmaking.
The SEM image (Figure 4A) shows that after the process of dopamine self-polymerization induced
by the ammonium persulfate oxidant, the surface of the NP becomes rough, which is the typical
morphology of a dopamine self-polymerization covering. The shell layer of these surface-treated
NPs had a thickness of approximately 7–18 nm, which was measured from the comparison of the
TEM images with the original NP diameters (Figure 3B). Figure 4C shows the XRD pattern of the
AlTi-MgO@PDA NPs. After heating at 550 ◦C for 4 h in a nitrogen environment, a proportion of the Al
and Ti was retained as individual substances and the mass fraction of the MgO NPs was relatively small.
The corresponding metal complex oxide phases with Al and Ti elements were easily formed at this
high temperature: MgTiO3, MgTi2O5 and MgAl2O4 phases. At the same time, the amorphous carbon
and graphitic carbon phases appeared with a broadened peak, which indicated that a C-AlTi-MgO
composite phase was formed after the carbonization process.

Figure 5 shows the TEM images of AlTi-MgO@C NPs after the carbonization process. During
this process, the structure of the surface organic substance breaks down and the loss of these hybrid
atoms leads to a contraction of the PDA film [21]. The high-resolution TEM images are shown in
Figure 5A (insets), which demonstrated that the outer layer of the particle is coated with a carbon
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layer. No obvious lattice fringes can be observed in the outer layer of the carbon shell, while the inner
layer of the coating exhibits an inter-crystalline spacing of d(002) = 0.34 nm, which corresponds to the
graphitic carbon crystal. After dispersion and carbonization, no obvious agglomeration phenomenon
was observed and the particles were well dispersed in the aqueous solution. Figure 5B shows the XRD
pattern of the AlTi-MgO@C NPs after hot HCl acid pickling for 30 min, which exhibits peak shapes
that corresponded to amorphous carbon and graphite. Furthermore, the latter peak showed good
crystallinity. According to these results, AlTi-MgO@C NP were synthesized after the surface treatment.

Figure 4. Analysis of the AlTi-MgO NPs coated with PDA, showing the: (A) SEM image; (B) TEM
image; and (C) XRD pattern.

Figure 5. (A) High-resolution TEM images of the AlTi-MgO@C NP and (B) XRD pattern of the
AlTi-MgO NP after HCl acid pickling for 30 min.

Figure 6 shows the size distribution of the AlTi-MgO, AlTi-MgO@PDA core-shell and
AlTi-MgO@C core-shell NP samples. The dynamic light scattering (DLS) measurement detected one
particle size in each aqueous solution. The average size of the AlTi-MgO NPs was approximately 50 nm,
while the AlTi-MgO@PDA NP size increased to 70 nm after the surface modification. This reflects
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a combination of the core diameter (50 nm) and the shell (20 nm) thicknesses found in the TEM images.
The carbonization process broke down the structure of the PDA film, which causes the layer to become
thinner. As a result, the mean hydrodynamic size of the AlTi-MgO@C NPs was reduced to 60 nm.

Figure 6. Hydrodynamic sizes of: (A) AlTi-MgO NPs; (B) AlTi-MgO@PDA NPs; and (C) AlTi-MgO@C
NPs in the aqueous solution.

3.2. Surface Treatment and Physical Properties of the NPs in Steel

Dai et al. reported that polydopamine can act as a template for functionalizing a coated material
surface and will form a carbon structure after subsequent heat treatment [15]. The carbonized NPs were
found to exist in a stable form in an appropriate solvent, exhibiting good monodispersity and reduction
in the aggregation of the NPs [15,22,23]. In the subsequent process of high-temperature steelmaking,
the insignificant amount of carbon found in the coating of the surface-treated NPs exhibited little or no
pollution in the molten steel [24].

The NPs could be regarded as the heterogenous nuclei that inhibits the movement of the
grain boundary. Furthermore, the dispersive and fine inclusions can induce intragranular acicular
ferrite. Both these processes can be used to improve the properties of materials. However, NPs can
easily become agglomerated due to the effect of size and intense Brownian motion collisions.
This agglomeration in the molten steel was closely linked to the wettability of the NPs in the molten
steel and thus, can significantly affect the utilization ratio of the NPs in the steel.

After the NPs were added to the molten steel, they passed through the air–steel interface and were
stirred by the Ar gas flow and by the force exerted by the furnace. After the NPs entered the liquid
steel, they evolved into nucleating agents and denaturants of the inclusions in the steelmaking process.
The agglomerating nature of the NPs has a significant influence on the distribution and characteristics
of the inclusions in the steel. In the simulation of inclusions in a metallurgic reactor, the Stokes formula
typically considers the kinematic viscosity, the equivalent radius of the inclusions and the difference
in the density of the fluid and the inclusion. Furthermore, Wang [25] assumed that in liquid steel,
NPs with a particle size of 50 nm floated up by only about 100 nm in 60 min and thus, the movement
of NPs in the vertical direction can be ignored. Therefore, we can conclude that the NPs immersed into
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the molten steel will not float to the air–steel interface. The wettability of the NP in high-temperature
molten steel is an important factor affecting its utilization ratio in liquid steel. The wetting energy is
typically used to assess the wettability of an NP in liquid steel, which can be calculated as follows:

Wi = γLG × cos θ, (1)

where Wi is the wetting work of the ith NP; γLG is the surface tension of the liquid steel; and θ is
the contact angle, which is shown in the diagram in Figure 7. Equation (1) demonstrates that the
wettability of the NPs in the molten steel is determined by the contact angle (θ) as minimizing the
contact angle improves the wettability. A contact angle that is greater than 90◦ indicates that the NPs
are not wetted with the molten steel as the resulting strong hydrophobic effect would cause the NPs to
strongly repel the surrounding medium.

Figure 7. Contact angle diagram, showing the gas (G), liquid (L) and solid (S) regions, with definitions
of the contact angle (θ) and the solid–gas (γSG), liquid–gas (γLG) and solid–liquid (γSL) surface tensions.

Depending on the type of inclusions present in the steel, it is assumed that the added NPs will
form corresponding oxides after they react with the dissolved oxygen in the molten steel. The contact
angles of Al2O3, MgO and pyrographite with liquid steel were found to be 100–141◦ [26], 130◦ [27]
and 50◦ [28], respectively, under a helium gas environment. This signifies that the contact angle of the
AlTi-MgO@C NPs coated with a carbon layer is much lower than that of the AlTi-MgO NPs. Thus,
the AlTi-MgO@C NPs possess superior wettability in the high-temperature molten steel and a greater
number of effective particles will enter into the molten steel, creating an increased NP utilization ratio.
Although the contact angle of these AlTi-MgO@C NPs have been shown in theory, more experimental
evidence is needed to prove the wettability of these AlTi-MgO@C NPs in the molten steel.

4. Conclusions

1. The AlTi-MgO alloy NPs were selected as the pre-dispersed medium in this study, with the
average AlTi-MgO NPs size being 50 nm after pre-dispersion. A new type of core-shell
structure that was comprised of AlTi-MgO@C NPs was successfully synthesized by dopamine
self-polymerization under alkaline conditions and a high-temperature carbonization process,
which can be used for steelmaking.

2. After the surface treatment, the size and composition of the NPs exhibited good dispersion of the
NPs in the aqueous solution, with the width of the shell layer being about 10 nm. After immersion
in hot HCl acid for several hours, the NP coating contained only amorphous and graphitic carbon,
which was confirmed by XRD pattern analysis and the high-resolution TEM images of the
surface-treated NPs. These results confirmed the presence of a carbon layer on the surface of the
treated NPs.

3. Due to the different compositions of the NP coatings, the theoretical results show that after
the surface treatment, the AlTi-MgO NPs have a smaller contact angle in the high-temperature
liquid steel compared to the original AlTi-MgO NPs coated with PDA, indicating the superior
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wettability of the AlTi-MgO@C NPs. Furthermore, this suggests that surface treatment will
greatly increase the NP utilization ratio.
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Abstract: Aqueous two-phase systems (ATPSs) or aqueous biphasic systems are useful for biological
separation/preparation and cell micropatterning. Specifically, aqueous two-phase systems (ATPSs)
are not harmful to cells or biomaterials; therefore, they have been used to partition and isolate
these materials from others. In this study, we suggest chemically modifying the surface of target
materials (micro/nanoparticles, for example) with polymers, such as polyethylene glycol and dextran,
which are the same polymer solutes as those in the ATPS. As a simple model, we chemically coated
polyethylene glycol or dextran to the surface of polystyrene magnetic particles and observed selective
partitioning of the surface modified particles to the phase in which the same polymer solutes are
dominant. This approach follows the principle “like dissolves like” and can be expanded to other
aqueous biphasic or multiphasic systems while consuming fewer chemicals than the conventional
modulation of hydrophobicities of solute polymers to control partitioning in aqueous biphasic or
multiphasic systems.

Keywords: aqueous two-phase system (ATPS); microparticle; partitioning; surface modification;
polyethylene glycol (PEG); dextran (DEX)

1. Introduction

The surface of micro/nanoparticles dramatically affects their physical and chemical properties [1].
The partitioning of micro/nanoparticles for separation and analysis has been studied for various purposes
such as improving sensitivity and efficiency for material collection [2] and sensing methods [1,3].
For example, partitioning has been applied to actuate interactions of a model bacterial system via
the magnetic movement of bacterial microcolonies. The introduction of an aqueous biphasic system
with dextran-conjugated microparticles enabled successful partitioning E. coli into sub-microliter
droplets [4]. Although this method could two-dimensionally locate target colonies in a biological
interaction study for the first time, the fundamental mechanisms underlying the phenomenon were
not fully investigated or explained in detail within a short period of time. Dextran was chemically
conjugated to the surface of polystyrene (PS)-coated microparticles so that the attachment of dextran
onto the particle surface might increase the positive interaction or affinity of the microparticle to
the lower layer of a polyethylene glycol (PEG)-dextran (DEX) aqueous biphasic system, which is
usually called the “like dissolves like” rule. As a result, the DEX-conjugated microparticles showed the
opposite preference for partition behavior compared to the unmodified PS microparticles. However,
the reason underlying the partition inversion was not fully explained, although the partitioning to
lower DEX-rich layer was achieved overall. There was a possibility that the reason the PS particles
moved to the lower DEX-rich layer was not mainly the affinity increase of the DEX-conjugated particles
but simply the increase in mass due to the surface attachment of the DEX-polymer to the particle.
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In addition, using bovine serum albumin (BSA) for reaction processes [4] could interfere with this
phenomenon and could increase the hydrophilicity of the particle, so the partition inversion might
not have been due to the attachment of DEX but mainly due to that of BSA. Therefore, another
important assumption naturally arises, that is., if the “like dissolve like” rule works for the surface
modification using dextran to partition microparticles, the same rule would apply to attach PEG to the
surface, and the resultant PEG-modified microparticles must show different partition behavior from
the DEX-modified microparticles. Our motive and the challenge of studying partition was informed
by these points of view. Recently, a prerequisite infrared (IR) study was attempted and published
as a first step in solving the above questions [5]. Here, we aim to investigate the partition effect of
surface modifying polystyrene (PS)-coated magnetic microparticles in a PEG-DEX aqueous two-phase
systems (ATPS). We aim to answer the questions mentioned above to better explain the useful partition
behavior that we found in previous research [4]. In addition, future directions for this study will also
be suggested with a review of related papers and the limitations of the present study.

2. Materials and Methods

2.1. Materials

Bovine serum albumin (BSA, heat shock fraction, protease free, pH 7, >98%), methoxy polyethylene
glycol amine (mPEG) (molecular weight (MW): 10,000), and amino-dextran (aDEX, MW: 10,000) were
each purchased from Sigma-Aldrich (St. Louis, MO, USA), Creative PEGWorks (Chapel Hill, NC,
USA), and Molecular Probes, Life Technologies (Eugene, OR, USA), respectively. Other chemicals were
obtained from Fisher Scientific (Fair Lawn, NJ, USA). Deionized (DI) water was obtained using a water
purifier device (Human Corporation, Seoul, Korea).

2.2. Preparation of Polymer-Bound Magnetic Particles

The surface modification of Dynabead® M-280 which were tosyl-activated (Life Technologies, Oslo,
Norway) by amino-dextran, has been described previously [3,4]. The same approach was attempted for
mPEG and BSA. Amino-dextran was reacted with Dynabead® M-280, which was tosyl activated by the
following procedures. Briefly, 50 μL of a vortexed Dynabead® suspension was transferred into a 1 mL
plastic tube, centrifuged, and placed on a DynaMagTM-2 (Life Technologies, Oslo, Norway) magnet
holder to remove the storage solution. The beads were additionally rinsed with 1 mL of buffer A (0.3 g
boric acid/50 mL water, and the pH was adjusted to 9.5 with 5 M NaOH). To these beads were added
approximately 3 mg of amino-dextran in 150 μL of buffer A and 100 μL of buffer C (2 g ammonium
sulfate dissolved in 50 mL of buffer A). The amount of amino-dextran (aDEX) used to modify the
surface of the microbeads was determined for the following reason. The tosyl-activated Dynabead®

M-280 manual lists the active chemical functionality as 0.1–0.2 mmol/g. Therefore, 50 μL of a 30 mg/mL
Dynabead® suspension contains 1.5 mg of Dynabeads® and 0.13–0.27 × 10−3 mmol of tosyl groups.
Amino-dextran, which has one to two amino groups per molecule, will react with the tosyl group
at a 1:1 ratio, and thus, 0.13–0.27 × 10−3 mmol of amino-dextran is required, which corresponds to
1.3–2.7 mg. The mixture was incubated on a roller at 37 ◦C overnight (12–18 h). After centrifuging,
the dextran-conjugated beads were collected magnetically. Then, the beads were stored in a refrigerator
or resuspended in 100 μL of DI water or the PEG-rich/DEX-rich layer of the ATPS (10% PEG/5% DEX
or 7.5% PEG/7.5% DEX). The reaction scheme of amino-dextran with tosyl-activated Dynabeads®,
was shown in Figure 1.
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Figure 1. Reaction scheme between amino-dextran and tosyl-activated magnetic particles (Dynabeads®),
which are coated with polystyrene (PS).

2.3. Preparation of the ATPS Solutions

First, 10% PEG and 5% DEX ATPS solutions were prepared by mixing 20% polyethylene glycol
(PEG, MW: 8000, Fisher Scientific, Co., Fair Lawn, NJ, USA) and 10% dextran (DEX T20, MW: 20,000,
Pharmacosmos, Holbaek, Denmark) solutions at a 1:1 ratio (500 μL of each PEG and DEX solutions
were mixed for 1 mL). The 7.5% PEG and 7.5% DEX ATPS solutions were prepared analogously.
The polymers were dissolved in DI water.

2.4. Partition Observation of Polymer-Bound Magnetic Particles

A sample (50 μL) of the previously prepared suspension of DEX-, PEG-, or BSA-conjugated
magnetic beads (Section 2.2) was added to 1 mL of the ATPS solution (Section 2.3) in a 1.5 mL
centrifugal plastic tube and briefly vortexed. Images were recorded after the two separated layers
formed in 5 min. The procedures (Figure 2) were performed three times, each time by a different person.

 
Figure 2. Partition observation in the aqueous two-phase system (ATPS) with three different surface-
modified PS microparticles and one unmodified tosyl-activated Dynabead®. Amino-dextran (aDEX),
methoxy polyethylene glycol amine (mPEG), and bovine serum albumin (BSA) were used for
comparison with the unmodified case.
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3. Results

3.1. Theoretical Considerations

The fundamentals of aqueous two-phase systems (ATPSs) have been studied and described
after Albertsson’s broad research and review [3,6]. The PEG-DEX binodal curve (Figure 3) that was
applied to our study shows the concentration relationship between the two water-soluble polymers,
which form two phases or one phase. Below the curve, the solution cannot form two separate layers
and exists as a monophase solution. If the two polymer concentrations are above the binodal curve,
the aqueous solution separates into layers of two phases, similar to water and oil. One of the most
important characteristics of ATPSs is that both layers contain both water-soluble polymers. In other
words, the two polymers are dissolved in both separated layers, but the concentrations (or the ratio)
of the polymers are different in each layer. The interfacial tension of ATPSs is known to be orders
of magnitude lower than that of water-oil systems [3]. The upper PEG-rich layer is known to be
more hydrophobic, whereas the bottom or lower DEX-rich layer is known to be more hydrophilic.
This difference arises naturally because dextran is more hydrophilic than PEG, and PEG is more
hydrophobic than dextran, even though PEG is a highly water-soluble polymer.

 

Figure 3. Phase diagram of the dextran (DEX)-polyethylene glycol (PEG) system, assuming that the
compositions are approximately the same as those in [3]. The blue dots and the binodal curve are
reconstructed from the data of the top and bottom phase table in ref. [3]. The average molecular weight
(MW) of their polymers were 6000 (PEG) and 23,000 (DEX), which are similar to those of our system
(PEG 8000–DEX 20,000). The red dots indicate the total system compositions that were attempted to
investigate the partitioning of surface-modified microbeads in our study.

In fact, hydrophobicity/hydrophilicity is quite a relative and abstractive concept, and the
hydrophobic ladder that describes the relative hydrophobicities of water-soluble polymers frequently
used in aqueous biphasic or multiphasic systems are found in Albertsson’s book [3]. In this case,
the lower layer has a higher density than the upper layer, which explains why the aqueous biphasic
or multiphasic systems can be formed with or even without centrifugation. The formation and
maintenance of aqueous two-phase systems are known to be more dependent on entropic change than
on the enthalpic change of the polymer dissolvation process [3], which explains why the binodal curve
changes with temperature.

The distribution of particles in an aqueous two-phase system (ATPS) was also described based
on Albertsson’s work [3]. Figure 4 shows three different cases of partition in the ATPS: (Figure 4A) a
particle is partitioned in the upper layer (or top phase); (Figure 4B) a particle is partitioned in the lower
layer (or bottom phase); and (Figure 4C) a particle is located between the two layers. The partition
coefficient K can be expressed by the following equation:

K =
C1

C2
= e−A(γP1−γP2)/kT (1)
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where C1 and C2 are the particle concentrations of upper and lower layers, respectively, A is the surface
area of a particle, γP1 is the interfacial tension between the particles and the upper layer, γP2 is the
interfacial tension between the particles and the lower layer, k is the Boltzmann coefficient, and T is the
temperature in degrees Kelvin. If we assume that A is the constant for our surface modification, K will
be greatly affected by the surface characteristics of the particles and the relative affinity between the
particles and the upper/lower layers. If the interfacial tension between the particles and the upper
layer (γP1) is smaller than the interfacial tension between the particles and the lower layer (γP2), then K
will be greater than e0, which is one (number 1), and the particles will tend to locate in the upper
layer (Figure 4A). The interfacial tension between the particles and the solution layer will be smaller if
the surface materials/chemicals of the particles are the same as the materials/chemicals in solution.
Therefore, this strategy, which modifies the particle surface with the same solute polymer of the upper
or lower layer, is expected to work for selective partitioning in the ATPS. If γP1 is larger than γP2,
K will be less than one, and the particles will tend to locate in the lower layer (Figure 4B). If γP1 is
similar or equal to γP2, K value will be approximately one, and the particles will tend to locate at the
interface between upper and lower layer (Figure 4C).

More recent information about the theoretical and experimental estimation of binodal curves [7–9]
and particle distribution in ATPSs [10] can be found elsewhere.

 

Figure 4. Distribution of microparticles in PEG-DEX ATPS. (A) microparticle that prefers the upper
PEG-rich layer; (B) microparticle that is partitioned in the DEX-rich lower layer; (C) the microparticle
that locates at the interface between two layers. The pictures are drawn conceptually and not to scale.

3.2. Partitioning of Unmodified PS Microbeads in PEG-DEX ATPS

The unmodified tosyl-activated PS microparticles called Dynabeads® are partitioned in the
PEG-rich layer, as seen in Figure 5A. IR spectral investigation of the tosyl-activated Dynabeads® [5]
showed that the tosyl functional group exists on the Dynabead surface, and both polystyrene and the
tosyl group on the Dynabead M-280 surface are hydrophobic, which is the driving force of partition to
upper PEG-rich layer.

3.3. Partitioning of Amino-Dextran (aDEX)-Modified Microbeads in PEG-DEX ATPS

Amino-dextran (aDEX) was used for the surface modification to partition Dynabeads® into the
DEX-rich layer. Its molecular weight (MW 10,000) was chosen to be similar to that of the DEX solute in
the ATPS for the best interactions between aDEX and DEX molecules. The modified particles were
partitioned into the DEX-rich layer (Figure 5B), as in our previous studies [4]. The IR spectrum of
the DEX-modified microspheres [5] proved that there were chemical changes after the reaction with
amino-dextran (see Figure S1). We tested the microspheres without the BSA reaction steps, which are
normally used to replace unreacted tosyl residues on the microbeads. Thus, amino-dextran obviously
works to create “intimacy” in the DEX-rich layer, which contains more DEX than PEG in the aqueous
solution, and this hydrophilicity is the driving force of partition for low DEX-rich layer.
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3.4. Partitioning of Methoxy-Polyethylene Glycol Amine (mPEG)-Modified Microbeads in PEG-DEX ATPS

If partition inversion is required for microparticles in the ATPS (in other words, if some particles
must be partitioned into the top layer, not the bottom layer) in applications such as immunoassays,
modifying the particle surface with PEG will work if the same “like dissolves like” phenomenon
occurs for PEG. We found various types of PEG analogs from a vendor (see Experiments) and chose
methoxy-PEG-amine, which has an amine functional group on one end, while the other end is
protected by the methoxy group. In addition, it has a similar average MW to that of the previously
used aDEX (MW 10,000). The IR spectra of the PEG-modified Dynabeads®, established that the
methoxy-PEG-amine (mPEG) modification was successful according to the IR peak of the amino bond
after the reaction [5] (see Figure S1). The PEG-modified Dynabead® was partitioned into the PEG-rich
upper layer (Figure 5C), similar to the unmodified tosyl-activated Dynabead® (Figure 5A). The relative
hydrophobic characteristic of PEG compared to DEX, is the driving force for partitioning to upper
PEG-rich layer.

3.5. Partitioning of Bovine Serum Albumin (BSA)-Modified Microbeads in PEG-DEX ATPS

BSA (MW ~66.5 kDa) is used to remove possible unreacted tosyl groups from the surface of
the Dynabeads®, as explained in our previous papers [4,5], but the use of BSA might interfere with
partitioning because it is a blood protein that is well known to be hydrophilic, which is the driving force
of partitioning to the lower DEX-rich layer. The partitioning effect was tested using BSA as a modifier.
A similar amount (3–6 mg of BSA) was added instead of aDEX or mPEG for the modification reaction
because BSA has multiple amine groups per molecule. Thus, we did not need to add a one-to-one
molar ratio of BSA for the tosyl group substitution reaction. Figure 5D shows that the BSA-modified
Dynabeads® were partitioned into the DEX-rich layer. In addition, the IR spectrum for the modified
particles revealed the attachment of BSA on the modified microparticles [5] (also see Figure S1).

 

 

 

Figure 5. Cont.
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Figure 5. Side-view pictures and results of the partitioning of microparticles with different
surfaces. (A) unreacted, tosyl-activated Dynabead®; (B) microparticles modified with amino-dextran
(MW 10,000); (C) microparticles modified with methoxy-(polyethylene)glycol-amine (MW 10,000) and
(D) microparticles modified with bovine serum albumin (MW ~66,500). The composition of the ATPS
was 10% (w/w) PEG–5% (w/w) DEX. Other conditions are described in the Experimental section.

4. Discussion

Controlling partitioning of microparticles is of importance for collecting target material from
mixtures which are very similar in size and features. Jauregi et al. [11] could separate ampicillin
and phenylglycine crystal mixture by selective interfacial partitioning in a water/alkanol biphasic
system. Recently, Cakmak and Keating [12] reported that natural clays, which work as reaction
catalysts, partitioned differently by their kind in PEG/DEX ATPS and showed slight increase of
reaction rate in ATPS compared to that in buffer. Also, Deng et al. [13] reported that PEG/DEX ATPS
could separate Merrifield resins and N-methylimidazolium grafted Merrifield resins by controlling the
ATPS compositions, graft ratio and different anions of resins.

Surface-modified microparticles were demonstrated to be useful for selectively partitioning
particles in an ATPS. The surface modification, not only with DEX but also with PEG, triggered
the partitioning of the modified microparticles into the specific layer (phase) in the ATPS, that is,
the layer that contained more of the same polymer as a solute in the ATPS. In addition, our results
showed that not only the density [14] but also the affinity and hydrophobicity/hydrophilicity must be
considered for the partitioning of microparticles. Compared to the conventional approach reported
by Albertsson [3], which achieved partitioning in an ATPS by selecting hydrophobic/hydrophilic
polymer solutes from the library or hydrophobic ladder, our approach has the benefit of requiring and
consuming much less polymer (milligrams) to obtain the desired partitioning in the ATPS.

Characterization of surface chemical modification about micro/nanoparticles has been reviewed
by many researchers [1,15,16]. We chose FT-IR microscopy [5] mainly because of its simplicity and
minimal amount of sample needed, compared to other known methods. Among them, zeta potential
measurement [12,17], vibrating sample magnetometry (VSM) [18], X-ray photoelectron spectroscopy
(XPS) [17,19], and thermogravimetry [15] can be considered as other tools for confirmation of surface
modification, which may provide more quantitative information on the degree of modification.

Several topics may be considered in further investigation. For example, we tested polymers
with similar average MWs to that of the ATPS polymer solutes for optimal interaction. However,
not only the type of polymers/chemicals that are attached to the particle surfaces but also other
parameters, such as the average molecular weights of the polymers or the mixing ratio of polymers,
may affect the partitioning of the polymer–modified particle. We tested a 1:1 ratio of aDEX/mPEG for
the modification, and the particles were observed to locate narrowly at the interface of the PEG-DEX
ATPS layers (data not shown). Granick et al. [20] devoted several studies to the conformation and
assembly of micro-sized particles. Similar approaches may possibly achieve partitioning in PEG-DEX
ATPS or other ATPSs with our surface modification strategy.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/8/3/85/s1,
Figure S1. Infrared spectra of (a) PS microparticle (blue), DEX-modified particle (red), and amino-dextran (green);
(b) PS microparticle (blue), PEG-modified particle (red), and methoxy-PEG-amine (green); (c) PS microparticle
(blue), BSA-modified particle (red), and BSA (green); see reference [5] for peak assignments and conditions.
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Abstract: Current trends in total hip arthroplasty (THA) are to develop novel artificial hip joints
with high wear resistance and mechanical reliability with a potential to last for at least 25–30 years
for both young and old active patients. Currently used artificial hip joints are mainly composed of
femoral head of monolithic alumina or alumina-zirconia composites articulating against cross-linked
polyethylene liner of acetabular cup or Co-Cr alloy in a self-mated configuration. However,
the possibility of fracture of ceramics or its composites, PE wear debris-induced osteolysis, and
hypersensitivity issue due to metal ion release cannot be eliminated. In some cases, thin ultra-hard
diamond-based, TiN coatings on Ti-6A-4V or thin zirconia layer on the Zr-Nb alloy have been
fabricated to develop high wear resistant bearing surfaces. However, these coatings showed poor
adhesion in tribological testing. To provide high wear resistance and mechanical reliability to femoral
head, a new kind of ceramic/metal artificial hip joint hybrid was recently proposed in which 10–15 μm
thick dense layer of pure α-alumina was formed onto Ti-6Al-4V alloy by deposition of Al metal layer
by cold spraying or cold metal transfer methods with 1–2 μm thick Al3Ti reaction layer formed at
their interface to improve adhesion. An optimal micro-arc oxidation treatment transformed Al to
dense α-alumina layer, which showed high Vickers hardness 1900 HV and good adhesion to the
substrate. Further tribological and cytotoxicity analyses of these hybrids will determine their efficacy
for potential use in THA.

Keywords: wear resistance; artificial hip joints; UHMWPE; ceramics; coatings; alumina/Ti alloy
hybrid; cold spraying; cold metal transfer; micro-arc oxidation; total hip arthroplasty

1. Introduction

Every year more than one million hip and knee replacements are performed worldwide, which
provide relief from pain, improved mobility, and better quality of life for patients. There will be
an estimated 3.48 million knee replacements needed by 2030, an increase of approximately 673% as
compared to the current number of procedures [1]. Artificial hip replacements are estimated to increase
by 174% up from its current total procedures performed to 572,000 procedures per year in 2030. Current
developments in the field of artificial hip joints are focused on the use of (a) short stems for minimal
invasive surgery [2,3]; (b) new Ti alloys with better mechanical strength and biocompatibility than
conventional Ti alloys [4–7]; (c) calcium phosphate coatings [8–12] or simple alkali and heat treatments
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on the stem to provide bioactivity [13–17]; and (d) materials that impart better wear resistance and
mechanical reliability on the articulating surfaces to minimize polyethylene wear debris-induced
osteolysis [18–27]. Periprosthetic osteolysis is the primary cause of hip implant failure, which is the
result of activation of an innate immune response caused by wear of bearing materials in total hip
prostheses. Taken up by macrophages and multi-nucleated giant cells, the presence of wear debris
particles may cause the release of cytokines, thereby resulting in inflammation that further activates
osteoclasts at the interface between bone and implant and eventually leading to implant loosening
and failure. One of the primary strategies to avoid implant revision is to eliminate the release of wear
debris by improving the wear resistance and mechanical reliability of bearing couples that would
ultimately enhance the longevity of the implant. Despite progressive attempts over last few decades,
currently available hip replacement joints last only about 10–15 years. This relatively short implant life
span is problematic for patients under 60 years; about 44% of this population demands a joint implant
life expectancy of up to 20–25 years [28]. The demand for reliable hip joints is relatively high for young
and active patients to maintain their work and life style comfortably. In this regard, this review is
mainly focused on describing the evolution of materials and technologies developed to impart high
wear resistance and reliability to bearing surfaces of artificial hip joints.

2. History of Development of Artificial Hip Joints

During 1955–1965, metal-on-metal (MoM) bearings were fabricated using large ball diameters (32
mm, 35 mm, and 41.5 mm). However, the use of MoM bearings declined in the 1970s for some years
after Sir John Charnley introduced a total hip replacement (THR) device based on metal-on-polymer
(MoP) composed of a small metal ball and a cemented polyethylene (PE) cup in 1963 [29]. Although
this new tribocouple device received widespread acceptance, it was revealed over 6–8 years of
clinical studies that implants with PE cups failed mainly due to osteolysis, a result of a destructive
reaction by the body in the presence of PE wear debris [30]. Anticipating the issue of “polyethylene
disease” or “cement disease”, Pierre Boutin, a French surgeon, began implementing the use of alumina
ceramic-on-ceramic (CoC) hip implants in clinical trials in the 1970s [31]. Since then, CoC devices
have continuously been used in THA. These developments also made ceramic-on-polyethylene (CoP)
combinations as competitive bearing alternative along with MoM and CoC over 1963–1973 period.
Currently, the most frequently used artificial hip joints are composed of an acetabular cup, femoral
head and stem, all of which are typically made of cast Cobalt-Chromium (Co-Cr) alloy. The lining
of the acetabular cup is made of ultra-high molecular weight polyethylene (UHMWPE). Alternative
materials are dense alumina ceramic and titanium−6% aluminum−4% vanadium (Ti-6Al-4V) alloys
for the femoral head and the stem, respectively.

3. Ultra-High Molecular Weight Polyethylene

UHMWPE wear debris-mediated osteolysis is widely known as one of the most formidable
challenges in hip arthroplasty [32,33]. To improve its wear resistance, UHMWPE is commonly exposed
to irradiation at doses higher than that required for sterilization (40–100 kGy) to form cross-linked
PE (XLPE) [34]. However, improvement of UHMWPE’s wear resistance comes at the cost of reducing
its ultimate tensile strength as a result of reduced ductility [35]. In addition, many of its mechanical
properties are sensitive to oxidation [36,37], which is mainly due to the reactions of residual free radicals
caused by irradiation and trapped in the material for prolonged periods of time [38,39]. Oxidative
changes gradually decrease the polymer’s molecular weight and affect its clinical performance through
structural changes [40]. To overcome these problems, XLPE is stabilized by post re-melting or annealing
and by the addition of antioxidants such as vitamin E to eliminate, reduce, or stabilize free radicals,
with the intention of increased wear resistance as well as reduced potential for oxidation as compared
to conventional XLPEs [18,19,41]. While some highly cross-linked UHMWPEs show higher oxidation
in vivo than others [42], radiation cross-linking of UHMWPE has tremendously decreased (87%) the
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incidence of wear particle-induced osteolysis in the first ten years of clinical use [43], especially in hips
where wear damage is prominent.

In addition to state-of the art technology incorporating antioxidants for long-term stability [44–46],
a recent application of a surface treatment on the XLPE articulating surface has improved the
wear resistance by covering its surface with a thin layer (100–200 nm) of chemically-bonded
Poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC), which is formed by photo-induced graft
polymerization; this material creates a super-lubricious layer that mimics articular cartilage [20].
A recent hip simulator study reported that MPC polymer grafted on the XLPE surface dramatically
reduced the wear up to 70 million cycles [47]. Wear debris induced osteolysis and inflammatory
responses may be suppressed by this new design of PMPC-grafted XLPE, which is attributed to
the bio-inertness of bio-inspired MPC polymers [47]. Although this kind of artificial hip joint has
been implanted in more than 20,000 patients since 2011 in Japan [47], it is a new technology whose
success and impact will be determined in the longer term. Analysis of retrieved components and
radiographic follow-up of patients [48] will continue to inform us on the effects of wear on future
clinical performance.

4. Metallic Materials

Metallic materials such as cobalt-chromium-molybdenum (Co-Cr-Mo) and Ti alloys are commonly
used in THA due to their superior mechanical strength, fracture toughness and ductility. Typically,
CoCrMo alloys and Ti alloys are used as stem of artificial hip joints. Co-Cr alloy used as head in MoM
artificial hip joint model has demonstrated mechanical reliability due to high mechanical strength and
fracture toughness, but it tends to produce metal debris over the long-term, releasing metal ions that
cause inflammation and blackening of periprosthetic tissue termed as metallosis. Incidents of metal
sensitivity were reported to affect 10%–15% of the general population [49–51] and were higher among
patients with failed joints. Ti-6Al-4V alloy is the most commonly used alloy for stem and acetabular
cementless components of THR due to its low density, high mechanical strength, excellent corrosion
resistance, and biocompatibility with bone [52]. Compared with Co-Cr alloys, the elastic modulus
of 110 GPa for Ti alloy offers a more physiologically uniform stress distribution at the bone-implant
interface. However, the release of potentially harmful metal ions such as aluminum (Al) and vanadium
(V) from the Ti alloy has been reported to be associated with long term health problems such as
peripheral neuropathy, osteomalacia and Alzheimer’s disease [53,54].

Over the last few decades, vanadium-free Ti implants such as α + β Ti-6Al-7Nb alloy (ISO 5832-11),
near β alloys such as Ti-13Nb-13Zr alloy (ASTM F1713-96), Ti-12Mo-6Zr-2Fe alloy (ASTM F1813-97)
with improved biocompatibility have been developed by incorporating biocompatible elements such
as Ta, Zr or Nb [4–7]. Metastable β type Ti-15Mo-5Zr-3Al and α + β type Ti-6Al-2Nb-1Ta alloys
have been clinically developed for both cemented and cementless types of artificial hip joints. A new
Ti-15Zr-4Nb-4Ta alloy with excellent mechanical properties and biocompatibility has been developed
for artificial hip joint application [7]. To overcome stress shielding effects, recent research on Ti
alloy development is focused on controlling processing to reduce the elastic modulus while retaining
high biocompatibility and mechanical strength. In this regard, a metastable β type Ti alloy such as
Ti-35Nb-7Zr-5Ta alloys with an elastic modulus of 55 GPa has been developed [55]. Nevertheless, Ti
alloys are not used for manufacturing of femoral head due to their poor wear resistance. To overcome
this issue, thermal oxidation treatments have been applied to Ti alloy to form oxides to improve surface
hardness [56,57], laser surface treatments to alter its surface microstructures [58] and/or friction stir
processing to change its metallic properties through localized plastic deformation [59]. However, these
treatments do not provide superior wear resistance, which limit their use as the bearing surfaces of
artificial hip joints.
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5. Ceramics

5.1. Alumina

Alumina ceramics are most widely used in THA as femoral heads due to their bio-inertness,
high wear resistance, and chemical durability. In terms of design, the surface finish of materials
used for manufacturing of femoral heads or cups is an important requirement. Advances in alumina
processing have revealed that an excellent surface finish can be achieved using high purity alumina
with <0.5 wt % magnesium oxide as a sintering aid and compaction using hot-isostatic pressing before
sintering to obtain a dense microstructure of fine-grained pure α-alumina with improved mechanical
properties. As per ASTM F603, medical grade alumina for orthopedic implant use should have a
bulk density of >3.94 gm/cc, grain size of <4.5 μm, and flexural strength of >400 MPa. Compared
with MoP, artificial hip joints with CoP couple have shown 25%–30% reduction in wear rate in hip
simulator and clinical studies [60,61]. Using an alumina-on-alumina couple, wear in THA was the
lowest (0.01–0.1 mm3/million cycles) as compared with MoP, CoP or MoM combinations [61,62]. Since
its inception by Boutin in the 1970s, more than 2.5 million femoral heads of alumina and 100,000 liners
have been implanted worldwide. Although incidences of fracture of alumina ceramics in THA are
rare (0.14% reported in the USA in the mid-1990s), the uncertainty about risk of brittle fracture, rim
chipping, squeaking [63] (audible noise) and stripe wear [64,65] in artificial hip joints with alumina
CoC couple are mainly due to improper positioning [66] and cannot be eliminated. Squeaking in THA
articulations with alumina CoC have been reported especially in some young patients, aged forty
or under, despite high survivorship up to 97.4% at ten years [67,68]. Squeaking can be associated
with impingement of femoral neck on the rim of the ceramic cup, due to difference in diameters of
femoral heads, edge loading effect due to improper positioning during surgery or could also be due
to micro-separation between femoral head and liner of cup, all of which increase friction in case of
CoC bearing couples and hip dislocation and potentially lead to to revision of surgery. Current trends
to increase the diameters of ceramic balls to 32 mm, 36 mm, or larger tend to make a positive effect.
Nevertheless, the risk of catastrophic fracture of alumina cannot be eliminated.

5.2. Zirconia

To improve the mechanical reliability of the head, partially stabilized zirconia and yttria-stabilized
tetragonal zirconia polycrystal (Y-TZP) ceramic with almost double fracture toughness of 6–10 MPa√

m and flexural strength of 1000 MPa than alumina, were introduced as alternatives in the 1980s.
Improved mechanical properties in zirconia are attributed to stress-induced transformation toughening
mechanism. Briefly, as crack propagates, zirconia undergoes phase transformation from tetragonal to
monoclinic in leading to 3%–4% volume expansion in the zirconia grains, resulting in compressive
stress to slow or arrest the crack, thereby increasing the toughness. Despite some good clinical results
with seven-year [69] and ten-year [70] follow up, several controversial hip simulator and clinical
reports have been published over 15 years of its clinical use in patients [71,72]. Unfortunately, a
worldwide recall concluded in 2001 led to a sudden halt of manufacturing and clinical use of zirconia
after many zirconia heads manufactured by St. Gobain were fractured in vivo due to change in sintering
procedure. Even though transformation toughening led to high strength and toughness of designed
Y-TZP heads, the spontaneous transformation to monoclinic polymorph in the presence of body
fluid results in roughening and micro-crack formation on the surface of the head, thereby enhancing
wear and eventual fracture as reported in in vivo studies [72]. This phenomenon is often referred as
low-temperature hydrothermal aging. Close examinations of more than 100 retrieved Zr femoral heads
revealed extensive cratering in addition to considerable monoclinic phase [71]. Further, eight and
nine-year follow up revealed up to 85% monoclinic phase and dramatically higher surface roughness
of up to 250 nm on the Prozyr heads retrieved from Sydney [73,74]. These critical issues almost
restricted the use of Zr femoral heads in the US and EU markets. Although zirconia is commonly used
in dentistry due to its aesthetics and high mechanical properties, its microstructure and processing
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steps must be carefully examined before use. Hydrothermal aging is the Achilles’ heel of zirconia,
limiting its longevity.

5.3. Silicon Nitride

Silicon nitride is a non-oxide ceramic material with high strength and toughness and has been
used as bearings, turbine blades for more than 50 years. In the medical field, it has been used in cervical
spacer and spinal fusion devices [75] since 2008, with few adverse reports among 25,000 implanted
spinal cages [76]. Silicon nitride has been recently considered as a bearing material in artificial hip
and knee replacements due to its high biocompatibility, moderate Vickers hardness of 12–13 GPa,
Young’s modulus of 300 GPa, high fracture toughness of 10–12 MPa

√
m and flexural strength of 1

GPa, with a typical grain size of 0.6 μm after alloying with small amounts of yttria and alumina [77].
The exceptional strength and toughness of silicon nitride are derived from its asymmetric needle-like
interlocking grains surrounded by thin glassy phase at the grain boundary, which dissipates energy
as crack propagates [78]. Silicon nitride has also been used as wear resistant coating by PVD or CVD
methods [79,80]. However, coatings are non-stoichiometric, not fully crystalline, and do not resemble
similar strength and toughness as polycrystalline materials, which limited their use as coatings for
implants. Bulk silicon nitrides in articulation against itself and Co-Cr materials have shown wear rates
that are comparable to those of alumina-on-alumina couple, which are the lowest among currently
used bearing couples [81]. A recent hip simulator study indicated that self-mated silicon nitride
couples have comparable wear performance to that of self-mated alumina up to three million cycles;
however, some self-mated silicon nitride couples showed increased wear at the end of five million
cycles as compared to alumina CoC [82]. This transition in wear regime from fluid film to lubrication
was attributed to the formation and disruption of tribochemical film composed of a gelatinous silicic
acid. Silicon nitrides articulating against PE or XLPE revealed similar wear performance as that of
CoCr or alumina heads. There is some discrepancy between the hip simulator and in vivo studies for
some femoral heads, further long-term clinical studies of retrieved heads of silicon nitride and hip
simulator studies by others might be necessary before confirming the potential use of silicon nitride as
bearing material for hip replacements.

5.4. Alumina-Zirconia Composites

Despite the long clinical history of alumina and zirconia in THR, both materials pose potential
drawbacks. Attempts to overcome these material’s weaknesses by combining alumina’s hardness with
zirconia’s toughness led to the development of zirconia-toughened alumina (ZTA), which was first
commercialized by CeramTec under the trade name of BIOLOX® Delta in around 2000. ZTA is an
alumina matrix composite containing 75% fine grained alumina of 0.5–0.6 μm in diameter and 25%
Y-TZP with a grain size of 1 μm or smaller to obtain a flexural strength of 1200 MPa and a fracture
toughness of 6.5 MPa

√
m. The flexural strength and fracture toughness of ZTA are significantly

higher than that of alumina while retaining superior chemical and hydrothermal stability like alumina.
Superior mechanical strength and toughness of ZTA is attributed to the stress-induced transformation
toughening mechanism offered by an optimal amount of fine grained zirconia dispersed throughout
the ZTA microstructure. Additional toughening to alumina is provided by crack deflection at the
boundaries of platelet-like alumina grains with magneto plumbite structure that are formed by solid
solutions with a small amount of SrO and Cr2O3 additives during high temperature sintering.

This unique combination of transformation toughening and crack deflection mechanisms provides
exceptional durability to BIOLOX® delta, which is not achieved by any other ceramic material used in
the body. Addition of alumina to zirconia slows down the kinetics of hydrothermal ageing, which is a
potential advantage over monolithic zirconia. Laboratory hip simulator wear tests on ZTA-on-ZTA
couple revealed that the wear performance of ZTA CoC was better than that of alumina CoC [83].
Moreover, more strip wear was revealed on alumina CoC as compared with ZTA CoC tested under
same tribological parameters. However, up to 30% monoclinic zirconia was detected on the surface of
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ZTA, which shows that transformation from tetragonal to monoclinic zirconia happened during the
articulation between ZTA cup and the ball [84]. In vivo wear results are more realistic as compared to
hip wear simulator results. Even though BIOLOX delta components are clinically used for more than
12 years and have been implanted in more than six million patients, according to CeramTec company
web information, longer term clinical reports will determine the efficacy of this new ceramic composite
for long lasting hip prostheses.

Alumina toughened zirconia (ATZ) is another alumina-zirconia composite bearing material
containing 80% Y-TZP and 20% alumina, which was developed and manufactured as Ceramys® by
Mathys Orthopedics [85] in Germany in 2010. ATZ Ceramys is composed of 61% tetragonal zirconia,
17% cubic zirconia, 1% monoclinic zirconia and remaining alumina which form a fine-grained alumina
dispersed in the zirconia matrix with average grain size of 0.4 μm for both zirconia and alumina.
ATZ revealed a high flexural strength of more than 1200 MPa, a moderate hardness of 1500 HV,
and a fracture toughness of 7.4 MPa

√
m [23]. In addition, ATZ is reported to have improved wear

performance with a wear rate of 0.06 mm3/million cycles as compared with the 0.74 mm3/million
cycles for monolithic alumina heads in CoC configuration [24]. In addition to the critical hydrothermal
aging effect of zirconia, there remain major concerns with the variation in manufacturing steps of
zirconia-based materials by different manufacturers, which needs to be carefully assessed every time
before implantation in the human body. Nevertheless, even composite ceramics are brittle and liable
to fracture.

6. Ultra-Hard Coatings on Metals

To maintain the active lifestyle of patients requiring hip replacements, reliable designs of artificial
hip joints with high wear resistance and mechanical reliability are needed to extend their current
life span from 10–15 years to 25–30 years, which otherwise will require multiple revision surgeries
that will burden healthcare expenditure all over the world. The dire need to produce more durable
artificial joints is made explicit by the fact that hip and knee replacement surgeries have increased by
20% during the last five years [86]. Trends for revision surgeries are becoming more common among
young and active patients aged between 45 and 64 who will require functional artificial hip for at
least 30 years [86] to maintain their active lifestyle. While Co-Cr alloy in self-mated configuration
or the alloy heads sliding against PE or XLPE are frequently used in THA, over 50% artificial hip
joints fail mainly due to osteolysis-mediated aseptic loosening in addition to metal ion allergies over
a long-term period [87]. A frequently used alternative hybrid approach is to coat the metallic alloys
with ultra-hard and biocompatible surface layers such as diamond-like carbon (DLC; 5000 HV) [88] or
titanium nitride (TiN 2100 HV) [89]. This approach ensures that the original properties of high strength
metallic substrate are retained while: (a) supporting a bearing surface; and (b) avoiding the release of
toxic metal ions from the underlying the Ti alloy substrate. The release of wear debris from TiN-coated
Ti alloy after delamination enhanced wear by third-body wear mechanisms in vivo [89]. DLC-coated
Ti-6Al-4V alloy showed numerous pits, local delamination, and crevice corrosion while articulating
against PE and showed only 54% survival rate after 8.5 years of clinical study [90]. To improve the
adhesion between the coating and the substrate, interlayers of Ti, tantalum (Ta), or CrC have been
used to minimize the residual stresses at the interface. Recently, a DLC layer with a varying thickness
of multi-interlayers of Cr-Cr2N was reported to increase the fracture strength or adhesion of the DLC
coating [91]. However, the hardness of these multilayer coatings (800–1000 HV) was almost half of
that of sintered alumina (1800–2000 HV) [91]. In addition, there could be concerns about inflammation
due to release of Cr over the long term.

Another method is to deposit pure diamond on the metal heads. In this regard, coatings of
ultra-nanocrystalline diamond (UND) with a grain size of 3–100 nm have been applied directly to
Ti and Co-Cr alloys using microwave plasma CVD [92,93]. UND coatings possess high hardness
(56–80 GPa) and low surface roughness, RMS value < 10 nm, that is shown to provide high wear
resistance to third-body wear particles [94]. These coatings have been applied to Ti and its alloys;
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good corrosion resistance, adhesion, and toughness have been reported in addition to comparable
tribological performance to those of MoM, MoP and CoC couples, which makes them suitable for THA
application [95]. However, large compressive stresses are retained within the UND coatings due to
impurities at their grain boundaries, which affected their adhesion with the substrate [96]. Further
improvements in processing parameters are needed to avoid the risk of delamination of the UND
coatings, which will govern their clinical use. In a nutshell, further improvements are needed in these
coating technologies to meet high wear resistance, mechanical reliability and adhesion requirements
for long lasting total hip prostheses.

7. Hybrid Design of Oxide Ceramic Layer on Metal: Oxinium™

A promising approach of a dense oxide layer on metal substrate combines high mechanical
strength and toughness of underlying metal with advantages of an oxide layer with bio-inertness,
high corrosion and wear resistance as an articulating surface. If native TiO2 layer on the surface of
high mechanical strength Ti alloys was at least a few microns thick and wear resistant for long lasting
hip prostheses or bulk ceramics were not inherently brittle, there could have been no interventions
to deposit alternative wear resistant materials on metals over the last few decades. These drawbacks
have spurred alternative explorations of bio-inert oxide ceramic layers on metallic substrates, adopting
a hybrid approach by wedding the superior wear resistance of ceramics with the superior toughness
of metals.

A layer of monoclinic zirconia 5 μm thick formed on the surface of Zr-2.5% Nb alloy by heat
treatment of the alloy at 500 ◦C [25] has been successfully applied to a femoral head commercialized
as Oxinium™ (OxZr; Smith & Nephew, Memphis, TN, USA). OxZr is not a coating, but a surface
transformed layer formed by oxygen diffusion hardening treatment, which is expected to provide
improved resistance under load bearing operations. Compared to monolithic zirconia, thin zirconia
layer on the Zr-Nb alloy avoids catastrophic failure of the implant. In vitro hip simulator studies have
shown remarkable reductions in wear of OxZr by 45% articulating against XLPE for total hip and
knee arthroplasty as compared with Co-Cr alloys [26,97]. Although OxZr heads are being routinely
used for young and active patients, some clinical studies have reported extensive damage of OxZr
heads articulating against XLPE [98,99], indicating poor mechanical reliability of the joint. Moreover,
OxZr head has only 5 μm thick layer of zirconia formed on the Zr-Nb alloy, which is not expected
to last up to 25–30 years to meet the demands of durable artificial hip joints that are needed for
patients aged 40 or younger. OxZr is still in clinical use; receipients of OxZr implants will need to
undergo regular check-up to ensure the good condition of implants in their bodies. From the materials
design perspective, it is intriguing to reveal the reasons for the good adhesion between OxZr layer
and the metal substrate given that they are incompatible materials due to significant differences in
their physical, chemical and mechanical properties. However, this information is not clarified in the
literature yet despite more than eight years of clinical use of OxZr heads. The ideal design of a strong
interface between ceramic and metal is not revealed yet and is a fundamental gap in the knowledge.
Once this gap is filled, it would lead to new knowledge in terms of methodologies that are needed for
designing reliable artificial hips with an extended lifespan of more than 25–30 years.

8. Rationale for Design of New Kind of Ceramic/Metal Hybrid Artificial Joint

With increasing aging population and demands for active and young patients aged 40 and under,
the life span of artificial joints is expected to be more than 25–30 years. To meet these demands,
the focus is to design and develop new kinds of artificial joints with high wear resistance and
mechanical reliability.

8.1. Selection and Design of Materials

Materials used to design future generation durable femoral head or cup made of ceramic/metal
hybrids should meet demands of high wear resistance at bearing surface, supported by a metallic
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material that can sustain high toughness. These demands have not been met by any of the currently
used materials for artificial joints including Oxinium™, as discussed in Section 7. To meet these
demands, a promising ceramic/metal hybrid design was recently proposed [100–103] in which better
wear resistance might be obtained if zirconia is replaced with the alumina as an articulating surface
because the latter has higher hardness. Mechanical reliability of articulating surface might increase if
Zr-Nb alloy substrate is replaced by Ti-6Al-4V alloy because the latter has higher mechanical strength
and fracture toughness than that of the former or Co-Cr alloy, commonly used as the head in THA.
Furthermore, alumina layer formed on the tough Ti alloy is expected to offer better mechanical
reliability as compared with monolithic alumina that is liable to catastrophic fracture. In addition,
alumina shows better long-term in vivo stability than zirconia. Oxinium™ is composed of only 5 μm
thick layer of monolithic zirconia on the Zr-Nb alloy. Therefore, formation of dense α-alumina layer
with thickness of 5 μm or more is expected to last longer than Oxinium™. In addition to requirement
for high wear resistance, a good adhesion between alumina layer and the Ti alloy is critical for reliability
of alumina/Ti alloy hybrid for efficient load transfer mechanism during operations of artificial hip.

It is technically challenging to fabricate dense and pure α-alumina layer on the Ti alloy given
that alumina and the Ti alloy are very incompatible with each other due to significant differences in
their coefficient of thermal expansion (αAlumina = 7.5 × 10−6/K and αTi-6Al-4V = 9.1–9.8 × 10−6/K)
and mechanical properties (Hardness, HAlumina = 2100 HV, HTi alloy = 350 HV; fracture toughness,
KIc,Alumina = 3–4 MPa

√
m, KIc,Ti alloy = 75 MPa

√
m), which could result in the residual stresses at the

interface between them. High residual stresses could lead to cracks at the interface and subsequent
delamination of alumina layer. Although the ideal design of strong interface between ceramic and
metal is not fully revealed yet, it was recently proposed that formation of an intermediate AlTi type of
bonding layer with metallurgical bond-like characteristics might tend to minimize the residual stresses
at alumina-Ti interface and could also enhance the mechanical reliability of the joint as well [100–103].
The cross-sectional view of newly proposed alumina/Ti alloy hybrid (ATH) artificial hip joint model is
shown schematically in Figure 1a. This kind of designed hybrid could be used for both the cup and
head in alumina-on-alumina type of contact configuration, as shown in Figure 1b. The rationale behind
this configuration is that alumina CoC combination has shown lowest wear rate (0.01 mm3/million
cycles) among the currently used materials in THA. Hence, it is expected that wear of ATH-on-ATH
could be similar as well. Compared with monolithic alumina, ATH design could offer better mechanical
reliability to artificial hip since bearing surface is supported by tough Ti alloy. The proposed ATH head
could also be used in articulation against conventional PE or XLPE liner.

(a) (b)

Figure 1. Cross-sectional views of alumina/Ti alloy (ATH) hybrid model (a), and ATH-on-ATH
configuration of the artificial hip joint (b). Reproduced from [102] with permission from Elsevier.

8.2. Rationale for New Artificial Hip Joint Design

Advanced implant designs are focused on reducing wear of bearing surfaces by increasing
diameter of heads. Despite being successful in this regard, all MoM, MoP, CoC couples share common
issues of edge loading or impingement of taper joint of the stem with the rim of the cup, both of which
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result in the release of a large amount of wear debris and thereby leading to high revision rates. Edge
loading of the cup is reported in case contact patch between ball and cup extends to the rim of the cup,
resulting in an increase in local stresses and more wear at the rim. It could also be the loss of lubrication
due to lack of synovial fluid between contacting surfaces [104]. Almost 70% of the MoP implants
have been reported to be associated with impingement related rim damage [105]. For CoC implants,
incidences of wear of rim have been reported to enhance third body wear, leading to catastrophic
fracture of the ceramic part [106]. Evidence of metal wear debris has been reported for both MoM and
CoC implant designs, which indicates the wear of taper joint and neck-cup impingement [107,108]. To
overcome the major issue of wear of taper joint, an alternative design is proposed in which a single part
for both stem and head could be made of the Ti alloy, as shown in Figure 2a. The head portion of Ti alloy
could be selectively covered with alumina layer, as shown schematically in Figure 2b. The stemcan
be directly bonded to the bone after its porous part of Ti metal is subjected to alkali-heat treatment,
as demonstrated by our previous research groups [13,15,109]. This surface treatment technology
is currently marketed as AHFIX® by KYOCERA Medical. Clinical reports have demonstrated 98%
success rate after ten years of implantation [109].

Figure 2. New design of artificial hip joint made of single part of head and stem of Ti alloy before (a)
and after alumina layer formed on the head part (b).

8.3. Science and Technology of Novel Artificial Hip Joint: A Layer of Dense α-Alumina on the Ti Alloy

Conventionally, an alumina layer is fabricated on the metal substrates by plasma spraying of pure
α-alumina powders. However, γ-alumina is mostly detected in plasma-sprayed alumina coatings with
porous microstructures, leading to poor hardness of 1000–1200 HV, which makes them unsuitable for
wear resistance applications. Although anodic oxidation of Al metal [110] or thermal treatments of
Al metal layer on Ti alloy [100] have also been attempted to produce α-alumina, a dense and pure
α-alumina layer cannot be fabricated using these methods. One of the promising processing strategy
to form alumina layer on the Ti alloy includes the deposition of dense Al metal layer onto the Ti alloy
and subsequent oxidation of Al.

8.3.1. Formation of Al Layer on the Ti Alloy

In order to form 5–10 μm thick dense α-alumina layers, at least a couple of microns thick layer of
Al metal is needed to form on the Ti alloy, which is not yet possible with conventional Al deposition
techniques such as PVD [111], arc ion plating [112], and sputtering [113]. Ideally, a method of formation
of a thick layer of Al on the Ti alloy substrate should be chosen with minimal or no chemical reaction
with the substrate during Al layer formation, which otherwise might lead to formation of thick layer
of AlTi intermetallic compounds containing several cracks or pores [114] and leading to delamination
of Al layer. To address these needs, cold spraying (CS) technique is used to deposit thick layers of Al
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metal on soft metals such as Al alloys [115,116] at temperature much lower than the melting point of
Al (Tm = 660 ◦C). CS technique allows the deposition of a thick metal coating on a metallic substrate
by accelerating small particles (<50 μm) to high velocities (500–1500 m/san) by a supersonic jet of
compressed gas at a temperature below the melting point of the material to be deposited. In the field
of biomaterials, for the first time, dense and thick layers of pure Al with thickness from 250 to 1000 μm
were formed on Ti-6Al-4V alloy by CS of Al particles in N2 or He gas atmosphere at varying pressures
of 1–3 MPa and at a temperature of 380 ◦C [100].

Cold sprayed Al layers (CS-Al) on the Ti alloy formed dense microstructures both in He or N2

gas atmosphere at an optimal pressure of 3 MPa and a temperature of 380 ◦C. However, CS-Al layers
formed in He atmosphere shows larger cracks or gaps at the interface as a result of higher critical
velocities of Al particles (972.5 m/s) [100]. CS-Al layers formed in N2 gas atmosphere also showed
poor adhesion as shown by gaps at the interface as shown in Figure 3a. Nevertheless, these samples
showed relatively better adhesion than those treated in He atmosphere which could be due to lower
critical velocity of 552.1 m/s in N2 gas atmosphere. These kinds of gaps could arise due to significant
difference in materials properties of Al and Ti alloy or massive plastic deformation within CS-Al layer
that might have been caused by ballistic impacts during CS, thereby resulting in accumulation of
residual stresses at the interface and ultimately leading to cracks at the interface [101].

Figure 3. SEM image of Al layer formed on the Ti alloy (a), BSE image after heat treatment (b), and
TF-XRD of the reaction layer (c). Reproduced [101] from with permission from Elsevier

8.3.2. Formation of Reaction Layer at Alumina-Ti Alloy Interface

The formation of a reaction layer of AlTi type of intermetallic compound at the interface between
CS-Al layer and the Ti alloy substrate could be a promising solution to improve the adhesion and
minimize the residual stresses at their interface. In this regard, a heat treatment of CS-Al layer/Ti alloy
at 640 ◦C for 1 h in air or Ar gas atmosphere formed a dense and crack-free reaction layer 2 μm thick
at the interface as shown in backscattered electron image (BSE), Figure 3b. This reaction layer could
be formed by solid state diffusion of Al into Ti, according to Equation (1), since Al has lower melting
point (Tm = 660 ◦C) as compared with the Ti alloy.

Ti (s) + 3 Al (s) → Al3Ti (s) (1)

Thin film XRD (TF-XRD) revealed that the reaction layer is composed of an Al3Ti intermetallic
compound, as shown in Figure 3c. When CS-Al/Ti is heated at 640 ◦C for more than 3 h or at
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temperatures more than 850 ◦C, a several tens of micrometers thick reaction layer containing a mixture
of the AlTi type of intermetallic compounds with several pores or cracks is formed due to differences in
densities of thick Ti–Al layer and compacted CS-Al from which it is formed. As a result, thick reaction
layers are not be suitable for a load bearing application of artificial hip.

Even though the reaction layer of Al3Ti layer improves adhesion between Al and Ti, Al3Ti is itself
a brittle intermetallic compound and might be prone to fracture. To reveal the mechanical reliability
of Al3Ti reaction layers, high mechanical load of 500 N was applied by compressing steel balls of
3 mm diameter directly onto the surface of reaction layers. Several large cracks along the periphery
of spherical indentation on the thick reaction layer in the SEM image, Figure 4a, suggests a typical
signature of brittle fracture which indicate poor mechanical deformability of thick layer, almost like
a bulk ceramic. The thin reaction layer of Al3Ti on the Ti alloy did not reveal any cracks in the SEM
image, Figure 4b, suggesting its good mechanical deformability. Sharp Vickers indentations also
showed better mechanical reliability of thin reaction layer [101]. Overall, about 2 μm thick reaction
layer seems to provide a good interface between alumina and the Ti alloy hybrid.

Figure 4. SEM images showing the impressions of ball indentations on the surface of thick after
applying a load of 500 N (a), and thin reaction layers after applying a load of 500 N (b). Reproduced
from [101] with permission from Elsevier.

8.3.3. Formation of Alumina Layer on the Ti Alloy

Heat treatment of Al-coated Ti alloy at or above melting point of Al, could result in uncontrolled
melting of Al and diffusing into Ti to form an undesirable thick layer of AlTi type of intermetallics
along with only small scales of transition alumina. Dense α-alumina starts forming at temperatures
above 1000 ◦C. However, such high temperatures cannot be applied to Al coated onto Ti-6A-4V alloy
since an α → β Ti transformation at 995 ◦C results in a decrease in the mechanical strength of the alloy,
which defeats the purpose of using high strength Ti alloy for the designed hybrid. Attempts were
made to form alumina in two steps: firstly by forming a thick layer of Al3Ti by heating it at 640 ◦C for
12 h in air and subsequent heat treatment at 850 ◦C for 96 h [100] according to the Equation (2).

2TiAl3 (s) + 3/2 O2 (g) → 2TiAl2 (s) + Al2O3 (s) (2)

Thin film XRD revealed that mainly Al3Ti phase is detected after first heat treatment in Figure 5a
and mainly, Al2Ti phase is detected after subsequent heat treatment in Figure 5b.
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Figure 5. TF-XRD of Al layer on the Ti alloy after heat treatment at 640 ◦C for 12 h (a) and subsequent
heat treatment at 850 ◦C for 96 h (b) both in an air atmosphere. Reproduced from [100] with permission
from Trans Tech.

Clearly, dense α-alumina cannot be formed on the Ti alloy by using conventional methods such
as heat treatments or plasma spraying of alumina. An alternative approach was recently proposed in
which CS-Al layer was transformed to a dense alumina layer by micro-arc oxidation (MAO) treatment.
MAO is a plasma-assisted electrochemical surface treatment carried out under 400–700 V in a dilute
alkaline medium to produce ultra-hard oxide layers on the surface of soft metals such as Al, Mg
or Zr for structural applications [117–121]. However, ultra-hard oxide layers formed on the soft
metals do not provide the mechanical support for load bearing application of artificial hip joint. Thus,
a duplex coating is required to form a α-alumina layer on the Ti alloy. To meet these goals, a promising
processing strategy was proposed and demonstrated in which a dense CS-Al layer was formed onto
the Ti alloy by cold spraying, followed by heat treatment at 640 ◦C for 1 h in air to form about 2 μm
thick reaction layer to improve adhesion and finally, an optimal MAO treatment of the CS-Al layer to
transform it into alumina layer, as shown schematically in Figure 6.

Figure 6. Schematic of deposition of Al layer, followed by heat treatment to form a thin reaction layer
at the interface and micro-arc oxidation (MAO) to form alumina.

Compared with MAO treatments of Al in unipolar DC mode, bipolar pulse power supply
with electrical parameters of pulse frequency, duty cycle and current density offer control over the
electrochemical processes in MAO treatment. Despite many studies performed so far on MAO
of Al [117–121], it is not revealed whether a α-alumina layer of at least 10 microns with dense
microstructures and high Vickers hardness can be formed. In a quest to reveal this, effects of MAO
electrical parameters on phase, purity, thickness and hardness of oxide layers formed by MAO of
CS-Al layers/Ti alloy were systematically studied recently to determine the optimal process to form at
least 10–20 μm thick layer of pure α-alumina with high Vickers hardness [101,102].

Typically, micro-arc oxidation treatment of Al layer forms a phase and density gradient oxide
layer in which outer porous region is composed of mainly γ-alumina and with increasing depth,
a mixed α and γ-alumina denser regions are formed in which amount of γ-alumina decreases and
that of α-alumina increases and an innermost dense regions containing pure α-alumina is formed as
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shown schematically in Figure 7a. Corresponding cross-sectional BSE image of oxide layer formed
by MAO of CS-Al/Ti after treatment time of 60 min is shown in Figure 7b. Due to poor thermal
conductivity, alumina absorbs heat input to undergo phase transition and as a result, innermost region
absorbs maximum heat input to transform to pure α-alumina. Outer surface regions contains mainly
γ-alumina and several pores and cracks due to entrapped Si-oxides. Outer surface in contact with
electrolytic solution remains relatively cooler than inner regions and hence, does not absorb sufficient
heat from discharges [117–121]. As a result, mainly γ-alumina is detected on the outer surface in MAO
coatings, as shown in TF-XRD of outer regions of oxide layers in Figure 7c,d. Typically, thin oxide
layers (30–40 μm thick) contain γ-alumina as the major phase, which may be due to lack of sufficient
heat input to undergo phase transition from γ → α alumina. Thick oxide layers 90–100 μm or more,
absorbs more heat input from intense discharges, which is sufficient to trigger γ → α alumina phase
transition. Outer regions of oxide layer contains several large sized pores and cracks and contain a
mixture of α and γ-alumina, which are undesirable due to inferior load bearing support for artificial
hip joint application. Moreover, commercial alumina of femoral head is composed of α-alumina phase
and has shown long-term in vivo stability. From application point of view, the outer regions of oxide
layer need to be carefully abraded to reveal an underlying dense α-alumina as shown by TF-XRD of
abraded oxide layer in Figure 7e. Subsequent microscopic observations revealed 30 μm α-alumina
formed by MAO treatment of Al layer for 60 min [101].

Figure 7. Schematic view of section of designed alumina/Ti alloy model (a); corresponding BSE image
of alumina layer on the Ti alloy (b); and TF-XRDs of CS-Al layer after MAO for 30 min (c); 60 min (d);
and after polishing (e). Reproduced from [101] with permission from Elsevier.

Close microscopic observations revealed several small micro-cracks formed within the 30 μm
thick, pure α-alumina layer as shown in Figure 8a, which showed Vickers hardness of about 1700 HV;
this value is closer to that of commercial alumina but still needs improvement. To increase the hardness
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of α-alumina, application of higher frequency in bipolar pulse mode is commonly known to increase
thickness of oxide layer which could form a thicker α-alumina layer. These hypotheses were recently
corroborated by revealing that thickness of α-alumina layer increased from 30 to 45 μm by increasing
pulse frequency from 500 to 1000 Hz, both at a duty cycle of 40%. However, with increasing frequency
from 500 to 1000 Hz, mean Vickers hardness decreased from 1658 to 1520 HV since the mean size of
micro-cracks increased from 2 to 3 μm [102], as shown in Figure 8b.

Figure 8. SEM image of cross-section of alumina layer on the Ti alloy formed by MAO of CS-Al layer
at pulse frequency of 500 Hz (a) and 1000 Hz (b) both at duty cycle of 40% for 60 min. Reproduced
from [102] with permission from Elsevier.

Another possible way to improve the Vickers hardness of α-alumina is to increase the duty cycle
process parameter of MAO treatment. Increasing the duty cycle results in longer working time in a
single pulse that imparts large discharge energy within a pulse that might improve sinterability of
alumina. It was revealed that increasing duty cycle from 40% to 60% increased Vickers hardness of
α-alumina layer from 1658 to 1900 HV, which was reported to be due to decrease in mean micro-crack
size from 2 to 1 μm, while the amount or thickness of the layer remained the same [102]. Pure and
dense α-alumina formed under optimal MAO parameters of pulse frequency 500 Hz, duty cycle 60%
and treatment time of 60 min is typically shown in SEM cross-sectional image (Figure 9).

20 m

500 Hz, Du 60%

Figure 9. SEM image of cross-section of alumina layer on the Ti alloy formed by MAO of CS-Al layer at
pulse frequency of 500 Hz and at duty cycle of 60% for 60 min. Reproduced from [102] with permission
from [102].

These findings clearly demarcated the key role of micro-cracks in the densification of the
α-alumina layer. Micro-cracks are inherent micro-structural feature in MAO coatings and are difficult
to eliminate due to thermal/residual stresses that are generated because of differential cooling rates
within graded layer of alumina. To obtain pore or crack free α-alumina, post-laser surface treatments
can be applied carefully using Nd-YAG laser.
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8.3.4. Adhesion of α-Alumina Layer with the Ti Alloy

In order to realize the potential of ATH for wear resistance applications, the α-alumina layer
should have good adhesion to the Ti alloy substrate, which could also ensure good reliability of the
joint. Ideally, reaction layer of Al3Ti between CS-Al layer and the Ti alloy should not be oxidized by
MAO treatment. Nevertheless, reaction layer was partially oxidized, which increased its thickness
from 2 to 5 μm, as shown in BSE image, Figure 10. To evaluate the adhesion of α-alumina layer,
Vickers indentations were made directly at the interfaces. No cracks within or around the impression
of indentation were revealed in BSE image, Figure 10, which suggests good adhesion between the
alumina layer and the Ti alloy. Grazing angle TF-XRD of the polished α-alumina layer revealed that
the phase of reaction layer was changed from Al3Ti to Al2TiO5 [102]. Usually, thermal expansion
coefficients of oxides are less than metals or intermetallics; hence, the formation of Al2TiO5 might
improve the adhesion strength of the joint. However, the thickness of oxidized reaction layer is very
critical; if reaction layer is too much oxidized to a thickness of 15–20 μm by increasing MAO treatment
time, several cracks are formed at the interface, suggesting poor adhesion [102]. Further quantitative
measure of adhesion strength is needed to evaluate its potential for artificial joint applications.

Figure 10. BSE image show sectional view of alumina layer-reaction layer-Ti alloy and impression of
Vickers indentation at alumina-Ti interface. Reproduced from [102] with permission from Elsevier.

8.3.5. Dense Alumina Layer on Ti Alloy by Cold Metal Transfer and MAO Methods

Evidently, reaction layer at the interface is needed to improve adhesion between alumina and the
Ti alloy, which is generated by heat treatment of cold sprayed Al layer on the Ti alloy [100–102]. If a
similar reaction layer at the interface can be formed during Al layer deposition itself, it could eliminate
the additional heat treatment step, which could reduce the cost of manufacturing of alumina/Ti
alloy hybrids. To explore this possibility, weld cladding method has been commonly used to deposit
metal coatings on the substrates using gas metal arc welding (GMAW) or laser cladding. However,
composition of deposited metal coating might significantly change due to mixing with the metal
substrate during GMAW process, which inadvertently increases the thickness of intermetallics formed
at the interface between the coating and the substrate in the case of Al/Fe; similar change might be
expected in Al/Ti system, which is undesirable. The thickness of intermetallic reaction layer should be
less than 5 μm, which otherwise can result in cracks within the reaction layer due to residual stresses
within it.

A promising alternative is to use a low heat input Al deposition method that could result in
minimal diffusion of the substrate material into the Al coating to form a thin intermetallic layer. In this
regard, cold metal transfer (CMT) method has been shown to form 2–4 μm thick intermetallic layers in
joints of Al and Zn-coated steels. CMT method was used for the first time to deposit about 3 mm thick
Al layer on the Ti alloy after careful process optimization [103]. Cross-sectional analysis of deposited
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layer of Al by CMT method (CMT-Al) revealed 1–1.5 μm thick reaction layer in Figure 11a with
gradient compositions indicated by gradual EDS element profiles of Al and Ti in Figure 11b, which
suggests formation of AlTi type intermetallic compounds with Al3Ti as major intermetallic compound,
as confirmed by TF-XRD measurements [103]. Optimized MAO process parameters applied to CMT-Al
layer on the Ti alloy revealed almost dense α-alumina layer on the Ti alloy as shown in Figure 11c,
while retaining the nascent gradient reaction layer at the interface as shown by EDS elemental line
profies of Al and Ti in Figure 11d.

Figure 11. BSE image and line profile of cross-section of CMT-Al: Before MAO treatment (a,b); and
after MAO treatment (c,d). Reproduced from [103] with permission from Cambridge Core.

This kind of gradient reaction layer could offer better mechanical reliability to the joint between
alumina and the Ti alloy by minimizing the residual stresses at their interfaces and avoiding steep
changes in physical or mechanical properties from top ceramic layer to the Ti alloy substrate. This
is the major issue that has restricted the use of alumina/Ti hybrid combination for applications
in many other R&D fields over many decades. Close transmission electron microscopy (TEM)
analysis of the structures of this gradient reaction layer is further needed, which could provide
the guidelines for designing future generation ceramic-metal hybrid based prosthetic devices with
high mechanical reliability.

9. Summary and Conclusions

Comparing to bulk alumina used for the femoral head, studies suggested that dense α-alumina
layers with high Vickers hardness and better mechanical reliability can be successfully fabricated onto
the Ti alloy using a combination of cold spray or cold metal transfer and micro-arc oxidation methods.
A schematic of cross-section of designed alumina/Ti alloy hybrid is shown in Figure 12.
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Figure 12. Schematic of cross-sectional view of a α-alumina layer on the Ti alloy with a gradient
reaction layer at their interface. Reproduced from [103] with permission from Cambridge Core.

This designed alumina/Ti alloy could be a potential candidate for future generation of artificial
hip joint prostheses. These investigations also suggest that the combination of cold spray or cold
metal transfer and micro-arc oxidation methods will be effective in forming an adherent layer of
dense α-alumina and is expected to enable advances in the field of artificial hip joints. The designed
ceramic/metal hybrid technology is novel in a broad sense since it can be suitably applied to other
medical implants such as knee joint and as a dense ceramic coating on Ti metal for dental implants.
Before considering these hybrids for commercial applications, it is necessary to evaluate the cytotoxicity,
inflammatory responses, and chemical analyses of wear debris of alumina layer on the Ti alloy subjected
to tribological testing as well as TEM analysis of the interfaces between the alumina layer-reaction
layer-Ti alloy and corrosion testing of the reaction layer. The outcomes of these investigations will
provide paths forward for the possibility of extending the research methodologies to develop a femoral
head of dense α-alumina layer on the Ti alloy.
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