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Adam Kubiak, Katarzyna Siwińska-Ciesielczyk and Teofil Jesionowski

Titania-Based Hybrid Materials with ZnO, ZrO2 and MoS2: A Review
Reprinted from: Materials 2018, 11, 2295, doi:10.3390/ma11112295 . . . . . . . . . . . . . . . . . . 48

Chamila Gunathilake, Rohan S. Dassanayake, Chandrakantha S. Kalpage and 
Mietek Jaroniec

Development of Alumina–Mesoporous Organosilica Hybrid Materials for Carbon Dioxide 
Adsorption at 25 ◦C
Reprinted from: Materials 2018, 11, 2301, doi:10.3390/ma11112301 . . . . . . . . . . . . . . . . . . 100

Kuibao Zhang, Dan Yin, Kai Xu and Haibin Zhang

Self-Propagating Synthesis and Characterization Studies of Gd-Bearing Hf-Zirconolite Ceramic
Waste Forms
Reprinted from: Materials 2019, 12, 178, doi:10.3390/ma12010178 . . . . . . . . . . . . . . . . . . . 118

Ewelina Weidner and Filip Ciesielczyk

Removal of Hazardous Oxyanions from the Environment Using Metal-Oxide-Based Materials
Reprinted from: Materials 2019, 12, 927, doi:10.3390/ma12060927 . . . . . . . . . . . . . . . . . . . 127

Katarzyna Jankowska, Filip Ciesielczyk, Karolina Bachosz, Jakub Zdarta, Ewa Kaczorek and

Teofil Jesionowski

Laccase Immobilized onto Zirconia–Silica Hybrid Doped with Cu2+ as an Effective Biocatalytic
System for Decolorization of Dyes
Reprinted from: Materials 2019, 12, 1252, doi:10.3390/ma12081252 . . . . . . . . . . . . . . . . . . 159

Mariusz Kłonica and Józef Kuczmaszewski
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Preface to ”Multifunctional Oxide-Based Materials:

From Synthesis to Application”

The development of new technologies and improvement of those already existing requires

not only up-to-date equipment, but novel products with specific physicochemical properties.

Such a situation is observed especially in the case of oxide materials, which are utilized as active

adsorbents, polymer fillers, plant protection agents, or substitutes of commonly used natural

substances. The physicochemical properties of such systems mainly depend on the route of

their synthesis and final treatment method (thermal treatment), and the fact that they are similar

to physicochemical properties of naturally occurring systems confirms the possibility of their

analogous application. During recent years, there has been increasing interest in the synthesis of

different types of inorganic–inorganic or inorganic–organic combinations, owing to the possibility

of obtaining hybrid materials which combine the properties of both components. Depending on

the needs, the hybrid materials may be synthesized using different methods, and the selection

of an appropriate method determines their physicochemical properties, such as morphology and

dispersive character, electrokinetic and thermal stability, parameters of the porous structure, and

hydrophilic–hydrophobic nature. A broad spectrum of methods of synthesis enables the design

of hybrid materials characterized by diverse physicochemical and structural parameters, which is

crucial in terms of the continuously increasing demand for such combinations. Each of the methods

is characterized by advantages and disadvantages, and the selection of the appropriate one should be

preceded by their detailed analysis. In particular, the considerations should include the economical

aspect of the process, the possibility of its realization at the laboratory scale as well as a semitechnical

scale, and the generation of waste substances. Another advantage is associated with the fact that the

properties of hybrid oxide systems may be freely designed, by selection of the components which

are included in the resulting materials as well as by means of further treatment using different

surface modifications with multifunctional organic or bioorganic substances. Such technological

procedures result in an enhanced activity of the synthesized hybrid materials, which is of importance

when considering their potential fields of application, including in medical or environmental aspects,

polymer or alloy processing, and catalysis (photocatalysis), among others.

The preparation, characterization, and application of a hybrid Ag–ZnO combination was

reported by Bazant and coworkers (doi.org/10.3390/ma11030363), who proposed the so-called “drop

technique” to obtain filler with hierarchical microparticles. The proposed methodology of synthesis

enabled good distribution of the filler in the polymer matrix, the presence of which did not affect

the properties of the resulting nanocomposite. The advantage of this oxide-based material is that

it offers additional antibacterial activity, so it is important to analyze the potential application of

such polymer composites in medicinal aspects, for example. The authors confirmed the excellent

antibacterial activity against E. coli and very high activity against S. aureus of prepared polymer

nanocomposites, which was supported mostly by the presence of Ag–ZnO filler.

During the last few years, there has been a dynamic increase of interest in studies focused

on the selection of an appropriate synthesis method or modification of titanium dioxide, as well

as the selection of proper components which, together with TiO2, form advanced, multifunctional

hybrid materials with strictly defined physicochemical properties, including photocatalytic or

electrochemical activity. The development of methods for obtaining modified forms of TiO2 is

very complex and requires several complicated experimental procedures for proper implementation.
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Titanium dioxide is a very attractive material that has the ability to absorb UV irradiation. Due to

this fact, it offers both antibacterial as well as photocatalytic activity. A technological assumption

concerning the fabrication of titania-based hybrid combinations with defined photocatalytic activity

was presented by Siwinska-Stefanska and coworkers (doi.org/10.3390/ma11050841). The authors

proposed to combine titania with zinc oxide via a sol–gel technique. The process conditions, including

the molar ratio of components, among others, were optimized in order to obtain materials with

enhanced photoactivity. Of key importance was the verification test concerning the photocatalytic

degradation of selected, model organic impurities. The authors proved that the TiO2–ZnO oxide

hybrid obtained at a molar ratio of TiO2:ZnO = 9:1 and additionally calcined showed the highest

photocatalytic activity, which was attributed to the fact that this sample was composed of titania

(with anatase being the dominant phase), zinc oxide, and ZnTiO3 phases. So, it seems reasonable

to design and fabricate hybrid oxide-based materials containing antibacterial or photocatalytically

active elements in their structure, which furthermore ensures their specific application.
A comprehensive review concerning titania-based materials containing different oxide species

in their structures was produced by Kubiak et al. (doi.org/10.3390/ma11112295). The current

state of knowledge on the synthesis and practical utility of TiO2–ZnO and TiO2–ZrO2 oxide

systems and TiO2–MoS2 hybrid materials was presented. A key element of this review was to

indicate the properties of titania-based hybrid systems synthesized with different methods, including

hydrothermal, sol–gel, and electrospinning techniques, that affect their potential application. It has

been shown that a proper selection of components included in the oxide or hybrid system, as well

as their molar ratio, or properly designed thermal treatment enables obtaining a material with a

strictly defined crystalline or textural structure. Additionally, it was confirmed that modified forms

of TiO2 synthesized by the sol–gel or hydrothermal methods can be successfully used as active

photocatalysts, antibacterial materials, or even components of electrode materials.

Inorganic–organic hybrid materials are, as of recently, the most promising direction of studies

focused on obtaining systems characterized by high quality and functionality. Lignin is the

second most abundant natural renewable raw material from the biopolymer group and is therefore

characterized by a notable application potential. Additionally, it is a valuable material for

several chemical syntheses and modifications aimed at obtaining valuable polymer materials and

biocomposites with special properties. The unique properties of lignin, including a high amount

of functional groups (such as hydroxyl, ether, or carboxyl groups) in particular, enable its easy

binding to mineral carriers. This group of carriers includes metal oxides, which are characterized by a

well-developed surface area and high homogeneity as well as thermal and electrokinetic stability. The

presence of hydroxyl groups on the surface of such systems determines their reactivity and facilitates

their binding with a broader range of organic compounds, including lignin. The combination of lignin

characterized by an “advanced” chemical structure and inorganic oxides results in the formation

of multifunctional sorbents, carriers, or fillers. The justification for these types of connections is

mainly associated with the “mutual benefit” for both components of the hybrid. This applies to

the weakly developed porous structure of the biopolymer, which in combination with the oxide

material gains notable benefits in this respect, and is also beneficial for the inorganic carrier, which

gains notable surface activity due to the diversity of functional groups present in the structure of

lignin. Detailed investigations related to a silica/lignin hybrid filler of a polylactide matrix were

presented by Grzabka-Zasadzinska and coworkers (doi.org/10.3390/ma11112257). The authors

found that the application of silica–lignin hybrids as fillers for a PLA matrix may be interesting not

only in terms of increasing thermal stability, but also controlled biodegradation, which is of such
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importance nowadays.

The dynamic technological development generates increasing volume of waste substances which

enter the natural environment. Aqueous solutions containing inorganic and/or organic contaminants

(wastewater) are one of the major environmental issues. Wastewater containing hazardous metal ions

is particularly cumbersome for the environment, and therefore several scientific institutes worldwide

conduct intense studies focused on methods which would allow for their elimination from the

environment. Adsorption seems to be the most versatile process due to its mild conditions, simplicity,

limited costs, and most importantly, a broad range of sorption materials used for its realization.

Studies regarding the adsorption process are mainly focused on the selection of appropriate materials

used as adsorbents of different types of contaminants. An effective adsorbent should be characterized

by defined porous structure, well-developed surface, and notable activity due to the presence of

reactive functional groups. Therefore, the available literature reports describe several examples of

materials which may be used as adsorbents, e.g., carbon materials (activated carbon), natural and

waste materials (low-cost adsorbents), minerals, synthetic inorganic oxides, or biopolymers. Typical

materials of natural origin (minerals), their counterparts (oxide systems), or hybrids synthesized in

the laboratory using simple techniques, such as the coprecipitation (or, alternatively, sol–gel) method

and further functionalization with a broad range of modifying agents, seem to be more attractive

in this regard. The review prepared by Weidner and Ciesielczyk (doi.org/10.3390/ma12060927)

concerns the application of different types of oxide-based adsorbents in the removal of hazardous

metal oxyanions from wastewaters. Characteristics of oxyanions originating from As, V, B, W,

and Mo, their probable adsorption mechanisms, and comparison of their sorption affinity for

metal-oxide-based materials such as iron oxides, aluminum oxides, titanium dioxide, manganese

dioxide, and various oxide minerals and their combinations were presented and discussed in detail.
Among the mentioned potential applications of metal oxides, their use as supports in the enzyme

immobilization process is also of great importance, especially that resulting biocatalytic systems are

also used in environmental protection aspects related to the removal of organic compounds, for

example. The idea of the research presented by Jankowska et al. (doi.org/10.3390/ma12081252)

concerned the immobilization of laccase onto ZrO2–SiO2 and Cu2+-doped ZrO2–SiO2 systems in

order to improve their stability in the reaction medium. The obtained materials were verified in

the decolorization process of selected organic dyes. Through numerous analytical techniques, the

authors proved the effective synthesis of a biocatalytic system which exhibited excellent activity in

the decolorization processes. In addition, it was established that the presence of copper ions on the

support material has a positive impact on laccase stability and activity. This fact also justified the

possibility of the modification of metal oxides by various techniques to enhance their activity.

Another important contribution to the Special Issue was made by Gunathilake et al.

(doi.org/10.3390/ma11112301), who belong to the scientific team of Professor Mietek Jaroniec—a

globally recognized expert in material science, surface chemistry, and adsorption phenomena

(his Hirsch index is 115). The presented research concerned the synthesis of alumina

(Al2O3)—mesoporous organosilica (Al–MO) hybrid materials via a co-condensation method

in the presence of Pluronic 123 triblock copolymer. The aim was to synthesize materials with

well-developed porosity and high surface area that should enable effective CO2 uptake. The authors

proved that the proposed methodology of synthesis led to the formation of porous materials whose

adsorption properties towards CO2 depend mainly on the surface area of the sample, alumina

precursor, and structure and functionality of the organosilica bridging group.

xi



Metal oxides can be also found in the production of ceramic waste forms.

Synthesis of a Gd-bearing Hf-zirconolite ceramic was proposed by Zhang and coworkers

(doi.org/10.3390/ma12010178). The authors synthesized the Hf-zirconolite from an SHS/QP

technique using CuO as the oxidant. The idea was to replace the Zr with Hf to obtain the chemical

composition of CaHfTi2O7. Based on this, the Gd2O3 was introduced as the surrogate of trivalent

actinides, which was designed to concurrently occupy the Ca and Hf sites of Hf-zirconolite. It was

proved that the SHS/QP route is suitable for the preparation of zirconolite- and pyrochlore-based

waste forms for HLW immobilization.

The final article included in this Special Issue is related to a study on the Ti6Al4V titanium alloy,

including identification of the atoms forming the surface layer, after additional treatment with ozone.

Kłonica and Kuczmaszewski (doi.org/10.3390/ma12132113) confirmed that the ozone treatment of

the Ti6Al4V titanium alloy removes carbon and increases the concentration of Ti and V ions at

higher oxidation states at the expense of metal atoms and lower-valence ions. Moreover, the study

confirmed that ozone treatment, if performed under appropriate conditions, can be used in bonding

technologies to shape surface microtopography and free energy, thus offering an alternative option to

electrochemical methods. This fact is very important in analyzing the potential applications of such

types of alloys.

The presented Special Issue is focused on the diversity of synthesis methods of inorganic

oxide systems, as well as hybrid materials and their potential applications. A detailed analysis

of this topic confirmed that the selection of an appropriate synthesis method of metal oxides and

hybrid systems determines their physicochemical and functional properties. It was proven that

the advantage of those materials is associated with the possibility to define their surface activity

by additional functionalization with selected organofunctional compounds or biopolymers. This

technological procedure clearly increases the possibilities of utilizing such materials and opens

new perspectives for their practical use. The obtained and described experimental dependencies

should be of high importance for the development technologies focused on synthetic materials

with specific physicochemical and functional properties. They may contribute to the formation

of novel technological conditions for obtaining next-generation oxide materials used in different

branches of industry. Additionally, the literature reports published to date, which deal with the

synthesis, characterization, and application of metal-oxide-based materials, will be supplemented

with experimental data and technological conditions for realizing their fabrication with different type

of components that offers unique properties for the final products

Teofil Jesionowski, Filip Ciesielczyk

Special Issue Editors
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Synthesis and Effect of Hierarchically Structured
Ag-ZnO Hybrid on the Surface Antibacterial Activity
of a Propylene-Based Elastomer Blends
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* Correspondence: bazant@utb.cz; Tel.: +420-777-805-870

Received: 24 January 2018; Accepted: 26 February 2018; Published: 1 March 2018

Abstract: In this study, a hybrid Ag-ZnO nanostructured micro-filler was synthesized by the
drop technique for used in plastic and medical industry. Furthermore, new antibacterial polymer
nanocomposites comprising particles of Ag-ZnO up to 5 wt % and a blend of a thermoplastic
polyolefin elastomer (TPO) with polypropylene were prepared using twin screw micro-compounder.
The morphology and crystalline-phase structure of the hybrid Ag-ZnO nanostructured microparticles
obtained was characterized by scanning electron microscopy and powder X-ray diffractometry.
The specific surface area of this filler was investigated by means of nitrogen sorption via the
Brunauer-Emmet-Teller method. A scanning electron microscope was used to conduct a morphological
study of the polymer nanocomposites. Mechanical and electrical testing showed no adverse effects on
the function of the polymer nanocomposites either due to the filler utilized or the given processing
conditions, in comparison with the neat polymer matrix. The surface antibacterial activity of
the compounded polymer nanocomposites was assessed against Escherichia coli ATCC 8739 and
Staphylococcus aureus ATCC 6538P, according to ISO 22196:2007 (E). All the materials at virtually every
filler-loading level were seen to be efficient against both species of bacteria.

Keywords: Ag-ZnO; thermoplastic elastomers; polypropylene; nanocomposites; hierarchical; antibacterial

1. Introduction

Recent years have witnessed a growing interest in developing polymer nanocomposites containing
hybrid nanoparticles [1]. Advances made in polymeric nanocomposites have ushered in a new
generation of macromolecular materials with low densities and multifunctional properties [2].
The primary advantage of nanocomposites is the tiny amount of filler needed to fulfil the given
requirements, which could be one or even two orders of magnitude less than required by conventional
micro-fillers [3].

Such advanced polymer systems incorporate a hybrid metal semiconductor materials that has
attracted particular attention. This is not only due to the fact that co-joined metal and semiconductor
nanoparticles possess a large specific surface area and high fraction of surface atoms, but also
because they feature a unique electronic band structure which results in certain chemical activity [4–6].
For instance, hybrid Ag-ZnO nanoparticles constitute a filler of such materials. Indeed, Ag-ZnO hybrid
nanoparticles are of particular interest since they exhibit biological, and photocatalytic activity,
low toxicity, and exert a synergetic antibacterial effect.

In addition, adding said nanoparticles into a polymer gives rise to new, hybrid systems with
combined properties and even some synergies. This was successfully proved for polymer melt
compounded materials having further utilisation in medical, agricultural and catalytic applications [7–9].
Some research studies aim to eliminate bacterial growth and pathogen formation on various surfaces

Materials 2018, 11, 363; doi:10.3390/ma11030363 www.mdpi.com/journal/materials1
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of subjects, examples being electrical equipment, walls, tables, floors, cars, food packaging, public and
interior spaces and hospital facilities [10–16].

Nevertheless, nanoparticles may potentially cause problems due to safety issues. The occupational
health risks associated with manufacturing and utilizing nanomaterials are not yet clearly
understood [17–20]. Moreover, nanoparticles are difficult to process into thermoplastic polymers
by conventional methods, e.g., extrusion, melt-blow, compression or injection moulding, as the filler
forms micron-sized cluster-agglomerates and possesses a non-homogenous distribution. Therefore,
dispersion and distribution of the nanoparticles in the polymer matrix can be spatially varied in the
volume of prepared plastic article. Moreover, the surface of the product, if rendered as a thin film,
can show serious surface and optical defects. In addition, during the thermoplastic processing of
nanoparticles, hot spots can occur in the material adhering to heating elements, along with burns,
and a further disadvantage is a greater amount of non-processable waste [21–25].

One way to avoid the problems described above is to use nanostructured hierarchical
microparticles. These three-dimensional materials can offer advantages arising from their large
surface area, as building blocks are often nanoscale in extent. Nonetheless, primary nanocrystals
have been known to assemble themselves into complex structures, such as hierarchical flowers or
spheres, these ranging in size from mesoscale to microscale; this is a phenomenon driven by reduction
in overall system energy during synthesis. Therefore, multiscale hierarchical nanostructured materials
are promising due to (i) properties gained when their building blocks are nanoscale in size and
(ii) composite processability arising when at meso to micro scale [26,27].

A variety of synthesis methods for preparing Ag-ZnO have been reported. However, most are
limited to research purposes as a consequence of the need for high temperature and pressure,
expensive equipment, toxic reagents and a long reaction time [28–31]. In addition, many synthesis
techniques utilize extremely dilute solutions as the resultant nanoparticles have to possess a specific
structure [32–35]. These methods are not easily scalable to produce sufficient amounts of filler
for typical commercial means of processing plastic, e.g., extrusion, melt-blow, compression and
injection moulding.

In this paper, the authors offer up an original methodology for generating polymer nanocomposites
by melt-mixing a pre-prepared filler, which involves adding Ag-ZnO hierarchical microparticles to the
polymer matrix, in this case a blend of polypropylene and thermoplastic polyolefin elastomers (TPOs).
In less than a decade, TPOs, defined as materials combining small enough semi-crystalline domains
connected via amorphous elastomeric regions and renowned for their adjustable rubber-like
characteristics, have emerged as a core material processed by standard thermoplastic processing
equipment in automotive interiors and exteriors, buildings, wires and cables, film applications,
medical devices, adhesives, footwear, foams, and other extruded and moulded goods [36–38].

Proposed methodology of compounding secured not only disagglomeration of processed
micropartices into their building nano-blocks by shear forces during mixing but also ensured good
distribution and dispersion of the resultant nanoparticles. Preparing the Ag-ZnO hierarchical particles
merely calls for application of a facile hydrothermal method, even facilitating large-scale production
of the same. It will be viable if the chemicals in the filtrate are recovered and reused, namely silver.
Said polymer nanocomposites demonstrate excellent antibacterial properties against Staphylococcus
aureus and Escherichia coli, as well as boasting unwavering mechanical and electrical properties.

2. Materials and Methods

2.1. Materials

Silver nitrate AgNO3 (>99.5% purity) and Zinc nitrate hexahydrate (ZnNO3)2·6H2O (>99% purity)
were delivered by Penta (Praha, Czech Republic), while ammonium carbonate (NH4)2·CO3 (>99% purity)
was supplied by Sigma-Aldrich (Praha, Czech Republic). Demineralized water was used throughout the
experiments. Thermoplastic polyolefin elastomer of type Versify 3401 (Dow Europe GmbH; Rheinmünster,
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Germany) and polypropylene random copolymer TOTAL PPR 6298 S01 (Total Petrochemicals &
Refining S.A./N.V., Bruxelles, Belgium) were utilized as the polymer matrix or blends, respectively.

2.2. Synthesis of Ag-ZnO

Firstly, a solution of 0.1 mol (ZnNO3)2·6H2O was mixed together with a solution of 0.01 mol AgNO3;
the total volume of water used to dissolve both salts was 100 mL; the amount of 0.125 mol (NH4)2·CO3

was dissolved in 125 mL of water separately. The solution of ammonium carbonate was slowly added,
during a period of 10 min, into the solution comprising (ZnNO3)2·6H2O and AgNO3, which was
stirred vigorously throughout. The end product was washed by filtration and the powder obtained
then dried at 100 ◦C for 8 h, then the intermediate was annealed at 450 ◦C for 2 h to obtain product.

2.3. Preparation of Nanocomposites

Pellets of the polypropylene (PP) and thermoplastic polyolefin elastomer (TPO) were premixed
with the prepared filler and then the material was compounded by a co-rotating conical twin screw
extruder Micro-Compounder Xplore MC15 (DSM Xplore Instruments BV, Sittard, The Netherlands).
Melt treatment of a mixture at the speed of 50 rpm for 4 min at temperature set to 200 ◦C for the
barrel, the die and the circular loop guaranteed achieving of a constant torque, thus demonstrating that
stabilization had occurred, thereby indicating that the filler had been homogeneously mixed into the
matrix. Afterwards, extruded strands were cooled in air and cut to the pellets. The filler concentrations
1, 3, and 5 wt % were chosen by the authors; hence, hereinafter the given filler containing compound is
referred to as Ag-ZnO1, Ag-ZnO3 or Ag-ZnO5.

Consequently, sheets of the polymer nanocomposites, measuring 1 mm and 4 mm in thickness,
were produced by the hot press method (Fontijne LabEcon 300, Barendrecht, The Netherlands);
this involved preheating at 200 ◦C for 2 min, followed by compression for 4 min and subsequent
cooling under pressure of 200 kPa. A pure PP and a PP/TPO blends without any filler were prepared
in exactly the same way to obtain reference samples. The sheets obtained were applied as testing
samples for evaluating mechanical properties, electrical resistivity and antibacterial activity.

The aforementioned pure PP and PP/TPO blends were processed with various PP/TPO weight
contents, namely 100/0, 75/25 and 50/50 w/w, respectively. Hereinafter, these blends are referred to
as PP100, PP75, PP50.

2.4. Structural Characterization

The crystalline structure of the powder obtained was characterized by X-ray diffraction (XRD),
on a Rigaku Miniflex 600 X-ray diffractometer (Rigaku Europe SE, Neu-Isenburg, Germany) operated
at 40 kV and 15 mA. Nickel-filtered Co Kα1 radiation (λ = 1.78892 Å) was applied over a 25–90◦

angular region, with the step size and rate set to 0.02◦ and 10◦/min, respectively. The crystallite size
(ddiffr) of the samples was estimated using the Scherrer Equation (1):

ddiffr = (0.9λ)/(βcosθ) (1)

This involved gauging the line-broadening (β, full width at half-maximum, corrected by the
response of the instrument) of the main peak intensity for zinc oxide (101) and (111) for silver, where λ

is the wavelength for Co Kα1 radiation and 2θ is the Bragg angle. Phase composition was evaluated
via Rigaku Miniflex 600 software, utilizing the normalized RIR method. The RIR is the ratio between
the integrated intensities of the peak of interest and that of a known standard.

The micrographs of the prepared powder and nanocomposites were taken on scanning electron
microscopes, a Phenom Pro (Phenom-World, Eindhoven, The Netherlands) unit for preliminary
and overall observations, and a Nova NanoSEM 650 (FEI, Brno, Czech Republic) unit equipped
with a backscattered electron (BSE) detector for detailed imaging. Foregoing coating of examined
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samples comprising a thin layer of gold/palladium had been applied by a SC 7640 sputter coater
(Quorum Technologies, Lewes, UK).

The specific surface area ABET was determined via multipoint Brunauer-Emmet-Teller (BET)
analysis of the nitrogen adsorption/desorption isotherms at 77 K, recorded on Belsorp-mini II
(BEL Japan Inc., Osaka, Japan) apparatus. Grain size is expressed as the mean diameter dBET, according to
Equation (2) [39]:

dBET = 6/(ρs·ABET) (2)

where ρs is the density of adsorbent material. The equation is based on spherical approximation of the
compact shape of grains.

The method of Barrett, Joyner, and Halenda (BJH) was employed for calculating pore size
distributions from experimental isotherms using the Kelvin model of pore filling. Pore size distribution
is calculated from desorption isotherm.

2.5. Investigation of Mechanical Properties

Tensile and three point flexural tests were carried out on a Testometric universal-testing machine of
type M 350-5CT (Testometric Co. Ltd., Rochdale, UK), equipped with a load cell of 300 kN. The tensile
properties of the polymer nanocomposites were investigated using a crosshead speed of 50 mm/min
and the length of the gauge equalled 50 mm. The dumb-bell-shaped specimens of Type 2 (specified by
ISO 527) of the thickness 1 mm were cut out from prepared sheets by the means of punching press.
In total, six specimens of each material were tested.

Five individual samples of dimensions 80 mm × 10 mm × 4 mm, according to the ISO 178
standard [40], for all the compositions were milled out from the 4 mm pressed sheets using CNC
milling machine Charly4U (Mecanumeric Co., Motta di Livenza, Italy) in order to define both the
flexural strength and modulus of the same. A span of 64 mm was applied, pertaining to a span to
depth ratio of 16:1. The samples were positioned in the middle of the supports, and the device was
operated at a speed of 1.0 mm/min. under ambient temperature conditions.

2.6. Investigation of Electrical Properties

The surface and volume resistivity of the prepared nanocomposite films (according to the
ASTM D257 standard [41]) was evaluated by means of a Keithley 8009 Resistivity Test Fixture, on a
Keithley 6517A Electrometer/High Resistance Meter (Keithley Instruments Inc., Cleveland, OH, USA).
Surface and volume resistivity was obtained under a DC voltage of 40 V after a bias time of 60 s.
The testing specimens in the shape of discs of a diameter 65 mm and thickness 1 mm were cut out from
the pressed sheets.

The electrical breakdown strengths of the polymer nanocomposites were gauged using a GLP1-g
High-Voltage Tester (Schleich Co., Hemer, Germany), with measurements being taken eight times for
each specimen for reasons of accuracy. A DC voltage was slowly applied to the sample(s) at a rate of
approximately 0.1 kV per second, and each voltage was maintained for 10 s in order to evaluate the
breakdown strength of said sample. The upper limit of current drawn during the experiment equalled
6 mA. All the tests were carried out at room temperature.

2.7. Evaluation of Antibacterial Activity

The surface antibacterial activity of the prepared compounds was assessed in vitro against E. coli
ATCC 8739 and S. aureus ATCC 6538P, these comprising the representative strains of gram-negative
and gram-positive bacteria, respectively; this was conducted according to ISO 22196:2007 (E) [42]
“Plastics—measurement of antibacterial activity on plastics surfaces”. The dimensions of the sample,
square test pieces of sheet were 25 mm × 25 mm × 1 mm. In light of previous experience with the
tests, modification to the original protocol was made that was adherent with ISO 22196:2007 (E) [42],
the purpose being to reduce the risk of false results. The number of colonies grown from recovered
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cells was estimated after 48 h of cultivation (instead of 24 h as required by the original standard
procedure) to ensure that all the colonies had developed to form countable sizes. Hence, the overall
duration of the test after inoculation was 48 h at 35 ◦C [5,19]. An incubator, a HERAcell 150i model
(Thermo Scientific, Waltham, MA, USA), was applied in this part of the work. Antibacterial activity,
delineated as R, was calculated by Equation (3):

R = (Ut − U0) − (At − U0) = Ut − At (3)

where R is antibacterial activity; U0 is the average logarithm for the number of viable bacteria,
in cells/cm2, recovered from untreated test specimens immediately after inoculation; Ut is the average
logarithm for the number of viable bacteria, in cells/cm2, recovered from untreated test specimens after
48 h; and At is the average logarithm for the number of viable bacteria, in cells/cm2, recovered from
treated test specimens after 48 h [5,19]. Indeed, in several cases, some additional colonies were found
by this procedure, which avoided incorrect overestimation of antibacterial activity as caused merely by
the slower growth of the colonies.

Converting from logarithmic (base 10) reduction R to the percentage of reduction (P) is possible
through applying the following formula: P = 100 × (1 − 10−R). This means that the R-values
(log10 scale) of 1, 2, 3, 4, 5 and 6 correspond to reductions in microbial load of 90%, 99%, 99.9%, 99.99%,
99.999% and 99.9999%, respectively.

3. Results and Discussion

3.1. Crystal Structure and BET Characterization of the Filler

The powder XRD pattern for the prepared Ag-ZnO filler is shown in Figure 1. All diffraction
peaks observed at 2θ = 37.06◦, 40.19◦, 42.35◦, 55.80◦, 66.78◦, 74.49◦, 78.97◦, 80.94◦, 82.38◦ and 86.86◦ are
characteristic for the wurtzite ZnO structure (hexagonal phase, space group P63mc) and are in good
agreement with the JCDD PDF-2 entry 01-079-0207. Diffraction peaks at 2θ = 44.60◦, 51.99◦ and 76.53◦

correspond well with the fcc crystal structure of silver detailed in the JCDD PDF-2 entry 01-087-0720.

 

Figure 1. XRD pattern for the prepared Ag-ZnO hierarchical microparticles obtained by the
synthetic method.

Quantitative analysis of the XRD pattern, performed via the reference intensity ratio (RIR) method
(applying the Corundum standard [43]), showed that the content of silver in the Ag-ZnO sample was
merely 1.3 wt %, with the remaining 98.7% constituting the wt % of ZnO. This confirms the presence of
the target amount of metallic Ag on said ZnO. The fact that there is no shift in the peak position for the
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ZnO phase in the sample indicates that Ag+ ions either enter into the lattice of the ZnO or substitute
a Zn site [44]. It is reasonable to expect, that metallic Ag particles are positioned on the surfaces or
interfaces of the ZnO nanoparticles. Other Ag peaks were not observed in the XRD patterns, which is
probably due to the small quantity of Ag nano-particles and their excellent dispersion.

The diffraction lines from the (101) and (111) planes in ZnO and Ag, respectively, as visible in
the diffractogram images at 2θ angle 42.42◦ and 44.60◦, were applied so as to deduce the diffracting
area size ddiffr. Findings pertaining to the structural and morphological parameters obtained by
XRD are displayed in Table 1. Assuming that the grains are spherical in shape and of uniform size,
average particle size can be obtained via Equation 2 with respect to grain size dBET. Thus, the analysis
revealed the figure to be 64 nm. The average material density of Ag-ZnO was obtained from the
material composition estimated by XRD assuming the tabular material density of silver (10.49 g/cm3)
and ZnO (5.61 g/cm3). The specific surface area for a crystallite (Adiffr) is easily calculated from the
size of the crystallites (ddiffr) and the material density of Ag-ZnO (5.64 g/cm3). According to analysis
of sorption/desorption isotherm, the pore sizes of our sample are expected to be approximately 17 nm.
Although pores may not be truly cylindrical, we refer to their sizes as diameters consistent with
Kelvin model, thus making the measurement error to be acceptable; therefore, we used the simple
BJH method.

Table 1. Summary of XRD and BET analyses of Ag-ZnO. SSA stands for Specific surface area.

BET Method XRD Method

SSA, ABET
(m2·g−1)

Grain Size,
dBETm (nm)

Pore Size,
(BJH) (nm)

Phase
Crystallite Size,

ddiffr (nm)
SSA for Pure Phase,

Adiffr (m2·g−1)
Contribution of Phases to SSA for

Ag-ZnO (m2·g−1)

16.6 64 17
Ag 51 11.2 0.15

ZnO 49 21.8 21.52
Total SSA of Ag-ZnO, Adiffr Ag-ZnO 21.7

Comparison can be made of results obtained from X-ray diffraction line-broadening analysis
and those obtained from gas sorption BET analysis. The first and usually the most valuable
information determined by BET concerns specific surface area ABET. As can be expected, ABET is
lesser than the specific crystallite surface area. The X-ray diffraction characteristics are correctly
obtained for coherently diffracting areas, i.e., pertaining to the size of the nanocrystalline domains,
while gas sorption analysis examines the actual surface of the porous body accessible to N2 molecules;
the latter analysis characterises the surface of grains. Consequently, the average diameter of grain
is bigger than that of nanocrystals. Hence, ABET relates to the surfaces of grains that consist of
one or more crystallites and to the amorphous phase, which should be present. Interface between
congruent particles is not accessible to nitrogen adsorption becoming thus virtually invisible for BET
measurement. It can be estimated from third powers of grain and nanocrystallite diameter that one
grain comprises of approximately two nanocrystallites only. Such small packing level testifies for
chain-like, weakly branched or twinning morphology of grains.

Higher activity of Ag-ZnO hierarchical particles with polymer matric against the microparticles
due to relatively the large surface area, can be assumed, therefore some features of the composite have
been improved.

3.2. Morphology of the Powder Filler

Microphotographs of the prepared filler obtained by SEM are shown in Figure 2. Here, Figure 2a,d
shows the intermediate. An overall image in Figure 2a shows large agglomerates possessing diameter
up to 70 μm. They exhibit complicated hierarchical morphology. A large agglomerate comprises
aggregates of the layered zinc hydroxide nitrate complex containing most likely nanoparticles of
silver oxide, as can be expected to be a product of mild basic precipitation conditions in the first
stage of synthesis. The apparent size of these primary agglomerates is about several micrometers and
they are arranged into grape-like assemblies that seems to be bound and covered by a network
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of fibres. Their morphology resembles a shrub covered by web produced by Spindle Ermine
(Yponomeuta cagnagella) moth caterpillars. The diameters of fibers measure up to 200 nm, while their
lengths are equal to tens of microns (Figure 2b,d).

It can be expected that these fine fiber structures are created in later stages of synthesis.
During annealing of the zinc complex, conversion is made to the nanostructured hybrid Ag-ZnO
microparticles resembling shape of original intermediate agglomerates and keeping their hierarchical
morphology. Thermal decomposition of zinc hydroxide nitrates yields spherical, connected microparticles
of ZnO, which go on to form long chains and two-dimensional networks of polyhedral to rounded
nanoparticles, as seen in Figure 2e,h. The ZnO phase obtain this morphology during annealing as
a legacy of original layered morphology of zinc hydroxide nitrates by topotactic transition [25,45].
The diameters of the ZnO nanoparticles range up to 100 nm in size. Figure 2h details the nanoparticle
building blocks. The size and morphology of particles revealed by the SEM is in good agreement with
results of BET analysis.

 

Figure 2. SEM microphotographs of the Ag-ZnO filler (a–d) before annealing and (e–h) after the
annealing process.

3.3. Characterization of TPO Compounds

The morphology of the prepared polymer nanocomposites with 5 wt % of filler was analysed by
SEM microscopy on the surfaces obtained by freeze fracturing in liquid nitrogen. Good dispersion
and distribution of the filler in the polymer matrix is visible in Figure 3 recorded as representative
images for typical sample fracture surface. As was demonstrated by SEM analysis, the filler is
comprised from sparsely networked chains of nanoparticles that can be considered loosely bound.
The interface between nanoparticles in long chains may be the weakest points and thus places where
the cohesive forces of the synthesized ZnO microparticles can be overcome during compounding,
a phenomenon which arises through high shear and elongation stresses, pertaining to reduction in the
size of a component with sub-critical cohesive properties during compounding by mixing the molten
phase. Therefore, large agglomerates of the filler were dispersed in the polymer matrix on individual
particulates of the Ag-ZnO nanoparticles, said particulates measuring up to 100 nm in diameter and
these single particulates dispersed in the polymer matrix are evident in Figure 3 for all compared
nanocomposites. Separation of the silver nanoparticles from ZnO nanoparticles was neither confirmed
nor excluded due to their very low concentration.
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Figure 3. SEM microphotographs of fracture surfaces of polymer nanocomposites with Ag-ZnO
particles: (a) PP100/Ag-ZnO5; (b) PP75/Ag-ZnO5; (c) PP50/Ag-ZnO5.

3.4. Mechanical Properties of the Polymer Nanocomposites

The authors chose to characterize the mechanical performance of the prepared nanocomposites
according to their basic characteristics, i.e., yield stress, strain at break and flexural modulus,
with adherence to ISO 527 [46] and ISO 178 [40]; the subsequent results are summarized in Table 2.
Comparing the neat polymer matrix TPO and PP with all the prepared nanocomposites revealed that
no adverse effects were exerted on the mechanical properties of the prepared material, either through
using the fillers or the given weight percent of the same or through the processing conditions applied.
Indeed, the mechanical properties e.g., flexural modulus, strain at break of the polymer nanocomposites
and PP/TPO blends were only influenced by the amount of TPO material present dramatically.
The yield stress and flexural modulus of the polymer nanocomposites slightly decreased alongside
parallel increase in strain at break.

It cannot be expected, the mechanical properties will be dramatically influence by used spherical
hierarchical microparticles of low-loading filler. On the other hand, the wettability and compatibility of
hierarchical microfiller by thermoplastic polymer matrix plays important role for transport mechanical
stress from polymer to filler.

Table 2. Mechanical properties of the compounds.

Samples
Yield Stress (MPa) Strain at Break (%) Flexural Modulus (MPa)

Mean ± SD a Mean ± SD a Mean ± SD a

Neat PP100 30.9 ± 2.2 14.5 ± 1.3 850 ± 50
PP100/Ag-ZnO1 34.2 ± 2.5 12.3 ± 1.4 840 ± 40
PP100/Ag-ZnO3 32 ± 3 13.6 ± 1.3 840 ± 40
PP100/Ag-ZnO5 30 ± 5 17.4 ± 2.6 830 ± 40

Neat PP75 18.8 ± 1.3 1120 ± 120 183 ± 15
PP75/Ag-ZnO1 18.6 ± 1.4 1100 ± 110 180 ± 19
PP75/Ag-ZnO3 18.5 ± 1.2 1035 ± 150 178 ± 17
PP75/Ag-ZnO5 18.5 ± 1.6 1020 ± 130 181 ± 20

Neat PP50 15.5 ± 0.9 1300 ± 130 34 ± 7
PP50/Ag-ZnO1 15.2 ± 1.3 1280 ± 150 32 ± 10
PP50/Ag-ZnO3 14.8 ± 0.7 1260 ± 130 37 ± 7
PP50/Ag-ZnO5 14.5 ± 1.1 1250 ± 170 38 ± 8

a Standard deviation.

3.5. Electrical Properties of the Nanocomposites

Zinc oxide is a well-known semiconductor with a broad range of resistivity, which not only
depends on the morphology of the materials, but especially on the type and concentration of a dopant.
The resistivity can be varied within the range 10−4 to 109 Ω·cm by doping. This means that ZnO can
successfully be prepared even in a conductive state, although a heavily doped material and special
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conditions are required [47]. In contrast, silver is an excellent metallic conductor with a resistivity
of 1.59 × 10−6 Ω·cm [48]. Therefore, a combination of these materials could produce a hybrid with
reasonably high electrical conductivity, while Ag-ZnO as a powder filler would cause conductivity,
even under circumstances of low content of the filler in the polymer matrix, if the critical threshold
value is exceeded [6].

Nevertheless, due to their chemical nature, most TPO compounds and PP are fine electrical
insulating materials; they boast good dielectric strength and do not absorb moisture. To check the
performance of prepared nanocomposites, electrical properties were tested with special attention paid
to the electrical strength as a critical phenomenon related with the material endurance and failure.

Table 3 summarizes the electrical surface, volume resistivity and dielectric strength for all the neat
and prepared materials. The surface resistivity of the neat PP and PP/TPO blends lies in the region
3.2 × 1012 to 1.1 × 1013 Ω/sq, while volume resistivity ranges 7.2 × 1015 to 9.8 × 1015 Ω·cm. The surface
resistivity and volume of the neat PP and PP/TPO blend correspond to literature values [49],
whereas the hybrid, nanostructured Ag-ZnO microparticles (compressed into disc-shaped pellets)
exhibited the surface resistivity value 6.6 × 106 Ω·cm, which resembles the figure for semi-conductors.
The values observed for resistivity are almost identical for the polymer nanocomposites filled with
Ag-ZnO and the blend matrixes of neat PP or PP/TPO. Hence, it is evident that the resistivity of the
composite material is fully governed by the properties of the given matrix.

Although the filler is not conductive enough to establish conductivity due long-range connectivity
of the particles at high concentration, it may affect the critical behaviour of the material under condition
of electrical breakdown. The data on dielectric strength for all the samples are shown in Table 3.
When comparing them, the results are obvious: the values for dielectric strength vary insignificantly
for the PP/TPO blend. The polypropylene and pure blends reach dielectric strength at approximately
17 kV/mm. This is in contrast with the polymer nanocomposites, where a small yet pronounced trend
can be observed. These exhibit lower values of only 13.6 to 15.5 kV/mm. The decrease in breakdown
strength is attributed to the significant inhomogeneity of the local electric field, caused by differences
between the polarizability of the dielectric polymer matrix and the dielectric microparticles of the filler.

Table 3. Electrical properties of the compounds.

Sample
Resistivity, R Dielectric Strength

Surface Resistivity (Ω/sq) Volume Resistivity (Ω·cm) Mean ± SD a (kV/mm)

Ag-ZnO filler - 6.6 × 106 -
Neat PP100 1.1 × 1013 9.8 × 1015 17.4 ± 0.5

PP100/Ag-ZnO1 3.6 × 1012 5.5 × 1015 15.6 ± 1.4
PP100/Ag-ZnO3 3.0 × 1012 4.1 × 1015 14.8 ± 1.2
PP100/Ag-ZnO5 3.5 × 1012 4.2 × 1015 13.6 ± 0.6

Neat PP75 7.5 × 1012 8.7 × 1015 16.8 ± 0.7
PP75/Ag-ZnO1 3.2 × 1012 4.8 × 1015 15.5 ± 1.2
PP75/Ag-ZnO3 4.0 × 1012 5.5 × 1015 15.2 ± 1.3
PP75/Ag-ZnO5 3.7 × 1012 6.1 × 1015 14.1 ± 0.6

Neat PP50 3.2 × 1012 7.2 × 1015 17.2 ± 1.1
PP50/Ag-ZnO1 2.7 × 1012 5.5 × 1015 14.4 ± 1.2
PP50/Ag-ZnO3 3.0 × 1012 4.0 × 1015 15.5 ± 2.6
PP50/Ag-ZnO5 3.2 × 1012 3.9 × 1015 14.6 ± 1.4

a Standard deviation.

3.6. Surface Antibacterial Activity

The relatively finite concentration of the filler utilized should not influence the mechanical
or electrical properties of the neat PP or PP/TPO blend dramatically; indeed, it was observed.
However, antibacterial activity has to be significantly evident if the filler can truly impart this desired
property to prepared compounds even at a 1 wt % loading. Herein, the antibacterial activities of
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the polymer nanocomposite materials were tested according to the standard ISO 22196:2007 (E) [42]
against E. coli and S. aureus.

The results are summarised in Table 4, where neat PP100, PP75 and PP50 comprise reference
samples, giving the Ut value, while the R value indicates the surface antibacterial activity of all
the prepared polymer nanocomposites. The earlier JIS Z 2801 standard [50], which preceded ISO
22196:2007 (E) [42], specified an R-value of 2.0 or more as demonstration of antibacterial activity.
Therefore, most of the prepared polymer nanocomposite materials can be categorized as exhibiting
antibacterial activity if they show values exceeding 2.0 on their surface; this categorization is brought
about by compounding them with fillers under testing This critical value of 2.0 is adequate for hygienic
and similar applications. Nonetheless, a value of 6.0, i.e., a 99.9999% reduction in cell count against
controls, is considered applicable for advanced medical uses of plastics [26].

All the prepared polymer nanocomposites containing 5 wt % of nanostructured Ag-ZnO filler
showed surface antibacterial activity against E. coli of greater than 6.2. The surface antibacterial activity
of said polymer nanocomposites against S. aureus exceeds 2.5, although only the PP100/Ag-ZnO5
sample demonstrated an R-value that reached 4.8. With respect to the peculiarity of S. aureus inhibition,
this result can also be evaluated as excellent, as the lower sensitivity of S. aureus to antibacterial agents
is generally recognized [6,9,20,26,51]. The antibacterial activity against both bacteria is lower for 3 wt %
content, but it is still sufficient for utilization in hygienic applications. It can be seen from Table 3,
that the higher concentration of TPO is present in the compound the lower R-value is experienced.
This effect is more pronounced for S. aureus and for lower concentrations of the filler.

Table 4. Evaluation of surface antibacterial activity of Ag-ZnO polymer nanocomposites according to
ISO 22196:2007 (E) [42].

Sample
R-Value for S. aureus

(-)
Efficiency against S. aureus

(%)
R-Value for E. coli

(-)
Efficiency against E. coli

(%)

Neat PP100 Ut = 5.4 Ut = 6.2
PP100/Ag-ZnO1 2.2 99.3690 4.2 99.9937
PP100/Ag-ZnO3 4.6 99.9975 5.5 99.9997
PP100/Ag-ZnO5 4.8 99.9984 >6.2 99.9999

Neat PP75 Ut = 5.7 Ut = 6.3
PP75/Ag-ZnO1 0.7 80.0474 2.5 99.6838
PP75/Ag-ZnO3 2.2 99.3690 5.5 99.9997
PP75/Ag-ZnO5 2.8 99.8415 >6.3 99.9999

Neat PP50 Ut = 5.9 Ut = 6.3
PP50/Ag-ZnO1 0.5 68.3772 1.5 96.8377
PP50/Ag-ZnO3 1.8 98.4151 2.5 99.6838
PP50/Ag-ZnO5 2.5 99.6838 >6.3 99.9999

The antimicrobial effects of materials coming from the mixture of an antimicrobial agent and
a non-active polymer are similar to some extent as the mechanism of the agent itself. The possible
mechanisms of killing microorganisms by Ag-ZnO filler were partly discussed elsewhere [6,8,20].
The effect of silver ions may be explained as follows: (1) uptake of free silver ions followed by disruption
of ATP (Adenosine triphosphate) production and DNA replication; (2) silver nanoparticle and silver
ion generation of reactive oxygen species (ROS); and (3) silver nanoparticle direct damage to cell
membranes [52–55]. Similarly, the release of Zn2+ cations or its complex forms is one of the proposed
mechanisms of ZnO’s activity [56] while the generation of reactive oxygen species (ROS) is another
relevant explanation [57], but it requires illumination of the material by light with at least some portion
of energy transferred by photons in the ultraviolet A (UVA) region [26,58]. Since the particles are
embedded in the polymer matrix, it can be expected that mechanical detachment of the nanoparticles
from the composite surface and their attachment to the surface of bacterial cells is not the principal
mechanism imparting antibacterial property to the material. Previously reported synergy between
silver and zinc oxide nanoparticles is based on direct contact and processes at the interface between
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the metallic particle and its semiconductor counterpart which may enhance both release of ions as well
as ROS generation but not the mechanical particle action [8,20,51].

The presence of filler particles in the surface-region of the composites seems to be the first approach
to understand observed trends in Table 4 [3,59]. Such direct mechanism would explain dependence
of antibacterial activity on the filler concentration. However, a strong effect of used polymer matrix
is clearly manifested too. Without any doubt, PP can be assessed as much efficient matrix than TPO.
Embedding of particles into polymer matrix in both surface and near subsurface-region invokes a
three step mechanism. First, it requires diffusion of water into the matrix, then corrosion of the filler
particles resulting into the release of ions or ROS generation and finally, replenishment of active species
on the polymer composite surface by diffusion [3,52].

According to the summary of results in Table 4, E. coli was more responsive to the effect of used filler
than S. aureus. It can be explained by the difference in the cell wall structure. The thick peptidoglycan cell
wall of Gram-positive bacteria protects its cell from silver penetration while Gramm-negative bacteria
lack this protection [60,61]. Similar effect of the cell wall may apply for the case of Zn2+ ions as well as
for ROS action [56,57,62].

The synergy effect of metal semiconductor hybrid Ag-ZnO antibacterial filler was demonstrated in
our previous work although on material prepared by other synthetic routes [9,20,51]. However, increase of
antibacterial efficiency towards S. aureus remains still a highly challenging issue which can be further
influenced by the effect of polymer matrix choice as discussed above.

4. Conclusions

This study has detailed a method with real potential for preparing an antibacterial polymer
nanocomposite. A conventional synthesis technique is applied that is simple, and information is given
on how to avoid issues when processing the nanomaterials into the polymer matrix.

This filler boasts excellent homogenous distribution, dispersion and adhesion to selected
representatives of polypropylene and thermoplastic elastomer and their blends. Furthermore, it can
support the antibacterial performance of the polymer nanocomposite. The surface antibacterial
activity observed herein of the prepared materials is assessed as excellent against E. coli and very high
against S. aureus; hence they compare favourably against other materials available currently. It seems,
that addition of TPO into polymer blend decreases the antibacterial activity of the nanocomposite
keeping filler concentration constant. On the other hand, the mechanical and other properties of PP
can be modified significantly by addition of TPOs in small concentrations only, as can be seen from
relatively small effect of doubling the TPO concentration in the compound from 25 to 50 wt %.

Moreover, the mechanical and electrical properties of the polymer resin and blends utilized are
not affected by adding a small amount of filler. Indeed, the prepared polymer nanocomposites possess
the same resistivity as the neat matrix while dielectric strength is lowered only a little.

These facts testify to the fact that antibacterial polymer systems comprising Ag-ZnO nanostructured
microparticles could potentially be employed as additives in plastic medical devices, in addition to
finding uses in industries that require antibacterial action by a material, e.g., sanitary, hygienic or other
interior applications.
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Abstract: A series of TiO2-ZnO binary oxide systems with various molar ratios of TiO2 and ZnO were
prepared using a sol-gel method. The influence of the molar ratio and temperature of calcination on
the particle sizes, morphology, crystalline structure, surface composition, porous structure parameters,
and thermal stability of the final hybrids was investigated. Additionally, to confirm the presence of
characteristic surface groups of the material, Fourier transform infrared spectroscopy was applied.
It was found that the crystalline structure, porous structure parameters, and thermal stability were
determined by the molar ratio of TiO2 to ZnO and the calcination process for the most part. A key
element of the study was an evaluation of the photocatalytic activity of the TiO2-ZnO hybrids with
respect to the decomposition of C.I. Basic Blue 9, C.I. Basic Red 1, and C.I. Basic Violet 10 dyes. It was
found that the TiO2-ZnO material obtained with a molar ratio of TiO2:ZnO = 9:1 and calcined at
600 ◦C demonstrates high photocatalytic activity in the degradation of the three organic dyes when
compared with pristine TiO2. Moreover, an attempt was made to describe equilibrium aspects by
applying the Langmuir-Hinsherlwood equation.

Keywords: titanium dioxide; zinc oxide; binary oxide material; sol-gel method; organic dyes
decomposition; photocatalysis

1. Introduction

Photocatalysis is an effective process for creating minerals out of pollutants in the air and water
such as simple inorganic compounds in the presence of a catalyst [1]. The most common and widely
described heterogeneous photocatalysts are transition metal oxides and semiconductors such as TiO2,
ZnO, SnO2, and CeO2 [2–5]. Titanium dioxide is the most active of the compounds that have been tested.
It is relatively cheap, photochemically stable, non-toxic, easily UV-activated, and insoluble in most
reaction environments [6,7]. However, its application is limited because of its narrow photocatalytic
region (α < 400 nm) and its ability to absorb only a small fraction (5%) of incident solar irradiation,
which results from its relatively large band gap (anatase, ~3.2 eV) [8]. Many recent studies have focused
on modifying the morphology and crystalline structure of TiO2 to improve its photocatalytic activity.
Modification may be performed by adding transition metal ions (such as Cr, Zr, Mn, and Mo) [9–12],
preparing a reduced form of TiO2−x, sensitization using dyes [13,14], doping with non-metals (such
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as N, S, C) [15–17], and using hybrid semiconductors such as TiO2-ZnO, TiO2-SiO2, etc. [18–20].
To increase the response of TiO2 to solar radiation, it is modified with ZnO, ZrO2, and SnO2 [21–23].
It has been proven that the formation of oxide hybrids is an appropriate tool for improving the
photocatalytic ability of TiO2 materials. Selection of an appropriate modifier and its compatibility
with the material are important for the hybrid’s physicochemical and optical properties. Each of the
modifiers substantially affect the surface charge of the material and, therefore, enhance or weaken its
photocatalytic capacity [24–26].

Zinc oxide is an attractive material due to its unique properties such as high chemical stability,
high electrochemical coupling coefficient, high refractive index, high thermal conductivity, binding,
antibacterial, and UV-protection properties [27]. Because of these properties, ZnO is added to
materials and products including plastics, rubber, ceramics, paints, pigments, glass, cement, lubricants,
ointments, adhesives, sealants, concrete, foods, batteries, ferrites, and fire retardants. Generally,
zinc oxide occurs in nature in two main forms, which are hexagonal wurtzite and cubic zinc
blende [28,29].

Titanium dioxide and zinc oxide have very similar physicochemical properties including
nontoxicity, biocompatibility, thermal and chemical stability, insolubility in water, resistance to chemical
breakdown and photo corrosion, and mechanical strength [30]. Many methods for the production
of TiO2-ZnO oxide systems have been proposed using different precursors of titania and zinc oxide.
These methods include an electrospinning technique [31], a chemical co-precipitation method [32],
the sol-gel technique [33,34], or solvothermal and hydrothermal methods [35–37]. These methods
enable precise control of the synthesis to obtain materials with useful properties. The process can be
controlled by temperature changes, sequence and type of reagent dosage, rate of stirring, pH, the ratio
of water to precursors, and calcination conditions. Depending on the process parameters, the products
exhibit different physicochemical properties and structure. The physicochemical properties of
TiO2-ZnO oxide systems depend on their morphology, the size of crystallites, and the crystallographic
structure [31–37]. Moreover, ZnO has a band gap of 3.37 eV, which is slightly more negative than that
of TiO2. Therefore, the synthesis of TiO2-ZnO oxide systems can result in the injection of conduction
band electrons from ZnO to TiO2, which is favorable to electron-hole separation [38,39]. Therefore,
the incorporation of these two materials into an integrated structure is of great significance because the
resulting products may possess improved specific and well-defined physical and chemical properties,
which were determined during their synthesis [31–37].

The aim of this work was to study the correlation between conditions of preparation (molar ratio
of precursors, temperature of calcination) of TiO2-ZnO oxide systems and their properties including
particle size distribution, morphology, crystalline and porous structure, and thermal stability. For the
first time, this type of oxide material was used as a photocatalyst in the decomposition process of
selected organic dyes (C.I. Basic Blue 9, C.I. Basic Red 1, and C.I. Basic Violet 10). In addition, theoretical
description of performed photocatalytic process was presented. The Langmuir-Hinsherlwood equation
and an assumption that pollutant decomposition is of pseudo-first-order reaction (PFO) were tested
for this purpose.

2. Materials and Methods

2.1. Materials

Titanium(IV) isopropoxide (TTIP, 97%), C.I. Basic Blue 9 (Methylene Blue—MB, 95%), C.I. Basic
Red 1 (Rhodamine 6G—R6G, 95%) and C.I. Basic Violet 10 (Rhodamine B—RhB, 95%) were purchased
from Sigma-Aldrich. Zinc acetate dihydrate (99.5%), propan-2-ol (IPA, 99.5%), and ammonia (25%)
were purchased from Chempur (Piekary, Śląskie, Poland). All reagents were of analytical grade and
used without any further purification. The water used in all experiments was deionized.
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2.2. Preparation of TiO2-ZnO Oxide Systems Using the Sol-Gel Method

The synthesis of TiO2-ZnO oxide hybrids with TiO2:ZnO molar ratios of 9:1, 5:2, and 1:3 was
performed by the sol-gel method. First, a reactor equipped with a T25 Basic type high-speed stirrer
(IKA Werke GmbH, Staufen im Breisgau, Germany) was filled with a mixture containing an appropriate
amount of TTIP in IPA. The resulting mixture was stirred at 1000 rpm. Afterward, an appropriate
amount of 15% zinc acetate solution (the precursor of ZnO was dissolved in a mixture of IPA:H2O at a
volume ratio of 1:3) was introduced at a constant rate of 5 cm3/min using an ISM833A peristaltic pump
(ISMATEC, Wertheim, Germany). The synthesis was performed at room temperature. The reaction
system was additionally stirred for 10 min. After this time, the promoter of hydrolysis (a mixture of
ammonia and deionized water at a volume ratio of 1:3) was added at a constant rate of 1 cm3/min.
The colloidal suspension was mixed for 1 h and the resulting alcogel was dried at 120 ◦C for 24 h.
To remove impurities, the white precipitate was washed several times with deionized water. Lastly,
the powder was dried at 80 ◦C for 3 h and additionally calcined at 600 ◦C for 2 h (Nabertherm P320
Controller, Lilienthal, Germany). The methodology of the synthesis of TiO2-ZnO oxide materials is
presented in Figure 1.

Figure 1. Synthesis of TiO2-ZnO binary oxide powders via the sol-gel method.

2.3. Analysis of Materials

The particle sizes of the synthesized materials were measured by the non-invasive backscattering
method (NIBS) using a Zetasizer Nano ZS (Malvern Instruments Ltd., Worcester, UK) instrument and
enabling measurements in the diameter range 0.6–6000 nm. Each sample was prepared by dispersing
0.01 g of the tested product in 25 cm3 of propan-2-ol. The resulting system was sonicated for 15 min
and then placed in a cuvette and analyzed.

The surface microstructure and morphology of the TiO2-ZnO binary oxide systems were examined
on the basis of SEM images recorded from an EVO40 scanning electron microscope (Zeiss, Jena,
Germany). Before testing, samples were coated with gold (Au) for 5 s using a Balzers PV205P (Oerlikon
Balzers Coating SA,. Brügg, Switzerland) coater.

The crystalline structure of the synthesized binary oxide materials was analyzed by the X-ray
diffraction method (XRD) using a D8 Advance diffractometer (Bruker, Karlsruhe, Germany) operating
with Cu Kα radiation (α = 1.5418 Å), Ni filtered. The patterns were obtained in a step-scanning mode
(Δ2θ = 0.05◦) over an angular range of 10◦ to 80◦.

High resolution transmission electron microscopy (HRTEM) images as well as dark field scanning
TEM (DF STEM) selected area TEM diffractograms and EDS elemental maps were recorded by means
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of JEOL ARM 200F microscope (JEOL, Peabody, MA, USA) operating at an accelerating voltage of
200 kV. In order to prepare specimens, particular powders were dispersed in alcohol and then a few
drops of such solution were placed on copper grids coated with carbon and formvar.

The surface composition of TiO2-ZnO oxide hybrids (content of TiO2 and ZnO) was analyzed by
using energy dispersive X-ray spectroscopy (EDS) using a Princeton Gamma-Tech unit equipped with
a prism digital spectrometer (Princeton Gamma-Tech, Princeton, NJ, USA). Representative parts of
each sample (500 μm2) were analyzed to determine their actual surface composition.

The parameters of the porous structure of the obtained oxide powders were measured using a
physisorption analyzer (ASAP 2020, Micromeritics Instrument Co., Norcross, GA, USA) operating
based on a low-temperature adsorption of nitrogen. Before measurement, all materials were degassed
at 120 ◦C for 4 h. Surface area was determined by the multipoint BET method using adsorption data in
a relative pressure (p/p0) range of 0.05–0.30. The desorption isotherm was used to determine the pore
size distribution based on the Barrett, Joyner, Halenda (BJH) model.

Characteristic functional groups present on the surface of the obtained materials were identified
using Fourier transform infrared spectroscopy (FTIR). The measurements were performed using a
Vertex 70 spectrophotometer (Bruker, Karlsruhe, Germany). Samples were prepared by mixing with
KBr and pressing into small tablets. FTIR spectra were obtained in the transmission mode between
4000 cm−1 and 400 cm−1.

A thermogravimetric analyzer (Jupiter STA 449F3, Netzsch, Selb, Germany) was used to
investigate the thermal stability of the synthesized materials. Measurements were carried out under
nitrogen flow (10 cm3/min) at a heating rate of 10 ◦C/min over a temperature range of 30 ◦C to 1000 ◦C
with an initial sample weight of approximately 5 mg.

2.4. Photocatalytic Tests

The photocatalytic activity of the obtained TiO2-ZnO binary oxide systems was evaluated based
on the decomposition of C.I. Basic Blue 9 (MB), C.I. Basic Red 1 (R6G), and C.I. Basic Violet 10 (RhB)
dyes (see, Table 1) in an initial concentration of 5 mg/dm3.

Table 1. Organic dyes used in photocatalytic tests.

Color Index Name C.I. Basic Blue 9 C.I. Basic Red 1 C.I. Basic Violet 10

Chemical structure

Molecular formula C16H18ClN3S·3H2O C28H31ClN2O3 C28H31ClN2O3

Molar mass (g/mol) 373.85 479.01 479.01

λmax (nm) 664 526 553

Photocatalysis was carried out in a laboratory reactor of UV-RS2 type (Heraeus, Hanau, Germany)
equipped with a 150 W medium-pressure mercury lamp as a UV light source surrounded by a
water-cooling quartz jacket. First, an appropriate amount of photocatalyst (TiO2-ZnO binary oxide
material) was added to a glass tube reactor containing 100 cm3 of the model organic impurity.
The suspension was stirred using an R05 IKAMAG magnetic stirrer (IKA Werke GmbH, Staufen
im Breisgau, Germany) for 30 min in darkness to determine the adsorption/desorption equilibrium.
After this time, the radiation was turned on to initiate the photocatalytic reaction. The process was
carried out for a maximum of 150 min. In the next step, the irradiated mixtures were collected from
the reactor at regular intervals and centrifuged to separate the photocatalyst. The concentration of C.I.
Basic Blue 9, C.I. Basic Red 1, or C.I. Basic Violet 10 (after adsorption and UV irradiation) was analyzed
using a UV-Vis spectrophotometer (V-750, Jasco, Oklahoma City, OK, USA) at a wavelength of 664 nm
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(for MB), 526 nm (for R6G), or 553 nm (for RhB) using water as a reference. The photocatalytic activity
of the TiO2-ZnO binary oxide systems was determined by calculating the yield of dye degradation (W)
using the formula below.

W(%) =

(
1 − Ct

C0

)
· 100% (1)

where C0 and Ct are the concentrations of the dye prior to and after irradiation, respectively.

2.5. Kinetic Study

Kinetic energy of the photocatalytic decomposition of selected organic dyes was described
based on the Langmuir-Hinsherlwood equation [40] assuming that pollutant decomposition is of
a pseudo-first-order reaction nature. The equation presents dependence between the dye concentration
in the aqueous vs. time of UV irradiation.

r =
dC
dt

= k
(

KC
1 + KC

)
(2)

Assuming that the degradation process of the dye is of pseudo-first-order reaction nature,
the constant reaction rate can be determined as the slope of the linear regression.

− ln
(

Ct

C0

)
= kt (3)

where k is the degradation rate of organic dye, min−1, K is the equilibrium constant of adsorption
of the dye on the surface of the catalyst, C0, Ct are concentrations of the dye compound in aqueous
solution before irradiation (t = 0) and after define time t.

Estimation of constant reaction rate k enables determination of the half-life time of the model
organic pollutant.

t 1
2
=

ln 2
k

(4)

3. Results and Discussion

3.1. Dispersive and Morphological Characteristics

The results of dispersive analysis (see Table 2) show that both synthetic TiO2 and ZnO (without
thermal treatment) have monomodal particle size distributions. The TiO2 and ZnO samples (denoted
Ti and Zn) contain particles in the diameter ranges of 531–1720 nm and 220–615 nm, respectively.
Dispersive analysis of the synthetic TiO2-ZnO oxide systems showed that the molar ratio of the
precursors significantly affects the particle sizes of the resulting materials. Samples obtained with
TiO2:ZnO molar ratios of 9:1; 5:2, and 1:3 denoted as Ti9Zn1, Ti5Zn2, and Ti1Zn3, which contain
particles in the ranges 459 nm to 1110 nm, 459 nm to 1480 nm, and 396 nm to 825 nm, respectively.
The results show that products with smaller particles were obtained when a higher content of ZnO
was used.

It was also confirmed that increasing the temperature of calcination leads to the production
of products with larger particles as a result of sintering and agglomerate formation. This situation
was observed for all of the oxide materials except samples Ti5Zn2_600 and Ti1Zn3_600. All calcined
TiO2-ZnO oxide systems exhibit monomodal particle size distributions. Synthetic oxide systems
obtained with different TiO2:ZnO molar ratios (samples Ti9Zn1_600, Ti5Zn2_600, and Ti1Zn3_600)
contain particles in the diameter ranges 531 nm to 1280 nm, 459 nm to 955 nm, and 255 nm to 615 nm,
respectively. Among the calcined samples, those obtained with the highest molar contribution of ZnO
were composed of the smallest particles.

The SEM microphotographs of TiO2 and ZnO samples (uncalcined and calcined at 600 ◦C,
Figure 2a,b,i,) show the presence of particles of almost spherical shape with high homogeneity.
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Moreover, the SEM micrographs for all analyzed oxide samples confirm the presence of particles,
which exhibit a high tendency towards agglomeration. SEM observations of the synthesized TiO2-ZnO
oxide systems (see Figure 2c–h) show that the molar ratio of the precursors does not have any significant
effect on the morphology of the resulting systems. The SEM microphotographs of the studied samples
confirm the presence of particles with precisely designed diameters, which corresponds to those
indicated in the particle size distributions. Wang et al. [41] who synthesized a TiO2-ZnO oxide system
through a sol-gel method using ammonia as a catalyst obtained results analogous to those reported
here. Tsai et al. [42] noted that the TiO2-ZnO oxide system contains particles of a spherical shape,
which show a high tendency towards agglomeration. Similarly, Ullah et al. [43] demonstrated that a
TiO2-ZnO oxide system synthesized via a sol-gel method using dimethylaminoethanol was composed
of particles of spherical shape with a high tendency to agglomerate.

Table 2. Dispersive properties of TiO2-ZnO oxide systems obtained via the sol-gel method.

Sample Name
Molar Ratio
TiO2:ZnO

Temperature of
Calcination (◦C)

Particle
Diameter

Range (nm)

Dominant Particles Diameter
with Maximum Volume

Contribution (%)

Polydispersity
Index

Ti 10:0

-

531–1720 955 nm—21.6 0.183
Ti9Zn1 9:1 459–1110 712 nm—27.5 0.312
Ti5Zn2 5:2 459–1480 825 nm—25.9 0.361
Ti1Zn3 1:3 396–825 615 nm—31.7 0.150

Zn 0:10 220–615 396 nm—25.7 0.178

Ti_600 10:0

600

615–1990 1110 nm—23.8 0.220
Ti9Zn1_600 9:1 531–1280 825 nm—32.6 0.408
Ti5Zn2_600 5:2 459–955 712 nm—32.2 0.504
Ti1Zn3_600 1:3 255–615 396 nm—26.7 0.182

Zn_600 0:10 51–122 79 nm—5.1 0.434
220–1110 531 nm—14.2

Figure 2. SEM images of obtained samples: (a) Ti; (b) Ti_600; (c) Ti9Zn1; (d) Ti9Zn1_600; (e) Ti5Zn2;
(f) Ti5Zn2_600; (g) Ti1Zn3; (h) Ti1Zn3_600; (i) Zn and (j) Zn_600.
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3.2. Structural Characteristics

The XRD pattern of titanium dioxide calcined at 600 ◦C (see Figure 3a) shows a strong diffraction
peak at 2θ = 25.2, which corresponds to the anatase structure (JCPDS (Joint Committee on Powder
Diffraction Standards), No. 21-1272). Less intense, characteristic diffraction peaks found at 36.95◦,
37.8◦, 38.58◦, 48.05◦, 53.89◦, 55.06◦, 62.12◦, 62.69◦, 68.76◦, 70.31◦, 75.03◦, and 76.02◦ are also strictly
related to the anatase phase. The rutile TiO2 phase is not detected in this sample. Moreover, the XRD
patterns of un-calcined zinc oxide and zinc oxide calcined at 600 ◦C (see Figure 3b,c) correspond to
the wurtzite phase of ZnO with high intensity peaks located at 31.77◦, 34.42◦, and 36.25◦ (JCPDS
No. 36-1451). These results prove that thermal treatment does not change the crystalline structure of
the zinc oxide materials.

Figure 3. WAXS patterns of (a) calcined TiO2; (b) uncalcined ZnO; and (c) calcined ZnO.

The XRD patterns of the synthetic, un-calcined TiO2-ZnO oxide hybrids (see Figure 4a) do not
show diffraction peaks of the TiO2 and ZnO phases. The obtained samples are amorphous. It has been
reported that the combination of titania with zinc oxide leads to inhibition of the phase formation of
the ZnO crystalline structure. These obtained results suggest that some Zn2+ cations can incorporate
into the titania network [44], which follows from the fact that the ionic radii of Zn2+ (ca. 60 pm)
and Ti4+ (ca. 60.5 pm) are similar [45]. The XRD pattern of sample Ti9Zn1_600 (obtained with a
TiO2:ZnO molar ratio of 9:1 and calcined at 600 ◦C) confirms the formation of a crystalline material
containing both titania and zinc oxide phases (see Figure 4b). Our results are in agreement with those
of Stroyanova, Shalaby, and Moriadi [21,46,47]. Anatase was observed to be the dominant phase
in sample Ti9Zn1_600. Characteristic diffraction peaks found at 25.28◦, 36.95◦, 37.8◦, 38.58◦, 48.05◦,
53.89◦, 55.06◦, 70.31◦, 75.03◦ and 76.02◦ were attributed to the anatase phase. For this sample, the peaks
located at 27.45◦, 39.19◦, 41.23◦, 44.05◦, 54.32◦, 56.64◦, 65.48◦, 69.01◦, 69.79◦ and 79.82◦ correspond
to the rutile phase. The XRD pattern of the obtained material also exhibited characteristic peaks
with low intensity observed at 2θ = 36.25◦, 56.6◦, 62.86◦, and 67.96◦, which are characteristic for the
ZnO structure. Additionally, the reflections observed at 2θ = 23.86◦, 32.73◦, 35.25◦, 41.52◦, 48.92◦,
52.96◦, 56.79◦, 61.70◦, 63.40◦, 68.72◦, and 70.91◦ can be identified with a cubic ZnTiO3 phase (JCPDS
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No. 14-0033). For sample Ti5Zn2_600 (obtained with a TiO2:ZnO molar ratio of 5:2 and calcined at
600 ◦C; Figure 4c) with increasing content of ZnO, the characteristic peaks of anatase, and rutile TiO2

gradually decreased [48]. Moreover, characteristic diffraction peaks found at 36.25◦, 56.6◦, 62.86◦,
and 67.96◦ are strictly related to the ZnO phase. In Ti9Zn1_600 and Ti5Zn2_600 samples crystallization
of photoactive ZnTiO3, which is the result of reaction between titania and zinc oxide was observed.
For the analyzed materials, the intensity of the ZnTiO3 peaks also increased. The XRD pattern of the
TiO2-ZnO oxide system obtained with a TiO2:ZnO molar ratio of 1:3 and calcined at 600 ◦C (sample
Ti1Zn3_600, Figure 4d) contained diffraction signals at 2θ values of 23.86◦, 35.25◦ 43.10◦, 48.92◦, 56.79◦,
61.70◦ and 70.91◦, which is characteristic for the ZnTiO3 structure. We also observed that increasing
the molar ratio of ZnO until 3 leads to formation of photoinactive Zn2TiO4. The results obtained here
are identical to those reported by other researchers [48–51].

Figure 4. WAXS patterns of TiO2-ZnO oxide systems: (a) synthesized with different molar ratios
without thermal treatment and prepared with TiO2:ZnO molar ratios of (b) 9:1; (c) 5:2; (d) 1:3, and
subjected to thermal treatment.

HRTEM measurements confirmed that all prepared materials exhibit highly crystalline forms (see
Figure 5a–c).

In order to confirm the crystalline structure of studied samples in the selected area,
TEM diffraction experiments were conducted. The obtained results clearly confirmed high crystallinity
of investigated samples and proved that crystallinity of TiO2-ZnO is quite complex. However, the TEM
diffractograms of the same high resolution as XRD results show well-distinguishing diffraction rings,
which corresponds to data from XRD. The results of SATEM diffraction are presented in Figure 5d–f.
The diffractograms were analyzed using CHT Diffraction Analysis [52]. The most distinctive rings of
diffraction were indexed and compared to XRD data.

EDS (energy dispersive spectroscopy) experiments were carried out to verify the distribution
of materials’ components (elements) within the samples. The results (see Figure 6) indicate that
distribution of Zn is not uniform.
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Figure 5. HRTEM images of samples: (a) Ti_600; (b) Ti9Zn1_600; and (c) Ti5Zn2_600, SATEM
diffractograms of samples: (d) Ti_600; (e) Ti9Zn1_600; and (f) Ti5Zn2_600. Additionally, hkl planes of
individual crystalline phases were denoted as: a—anatase, b—rutile, c—ZnO, d—ZnTiO3.

Figure 6. DFSTEM images and elemental maps of samples: (a) Ti9Zn1_600 and (b) Ti5Zn2_600. Ti and
Zn are indicated as a green and a red color, respectively.

3.3. Surface Composition

Figure 7 presents the percentage content of titanium oxide and zinc oxide in the analyzed oxide
systems. The results confirmed the efficiency of the sol-gel route of synthesis. Moreover, energy
dispersive X-ray microanalysis showed that changing the molar ratio of the initial precursors affects
the content of the corresponding oxides in the structure of the final materials. As was expected,
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the highest quantity of titania (84.0%) was observed in sample Ti9Zn1_600 (obtained with the molar
ratio TiO2:ZnO = 9:1) and the highest quantity of zinc oxide (50.6%) in sample Ti1Zn3_600. It was
concluded that the sol-gel method makes it possible to obtain materials with strictly defined properties
whose composition is mainly determined by the molar ratio of the initial precursors.

Figure 7. The percentage content of titania and zinc oxide in the calcined materials.

3.4. Porous Structure Parameters

The surface area of any material is the most important factor for influencing its catalytic activity.
The results of textural characteristics of the obtained materials are summarized in Table 3. Samples of
TiO2-ZnO oxide systems that were not subjected to thermal treatment exhibit a relatively high surface
area. The highest value, ABET = 494.7 m2/g, was observed for sample Ti9Zn1, which may be directly
related to the dispersive nature of the analyzed material. This sample contained particles with smaller
diameters than those of pure TiO2, which is directly linked to the porous structure parameters of the
products of synthesis. Slightly poorer porous structure parameters were observed for pure TiO2 and
sample Ti5Zn2 (with a molar ratio of TiO2:ZnO = 5:2), which had surface areas (ABET) of 488.6 m2/g
and 475.8 m2/g. Moreover, an increase in the molar contribution of zinc oxide in the final product
caused a significant decrease in the specific surface area, which was measured at 97.0 m2/g for sample
Ti1Zn3 (with a molar ratio of TiO2:ZnO = 1:3) and 27.2 m2/g for ZnO. Our observations align with
those of Prasannalakshmi and Shanmugam [51].

Table 3. Porous structure parameters of TiO2-ZnO oxide systems obtained by the sol-gel method.

Sample Name
Molar Ratio
TiO2:ZnO

Temperature of
Calcination (◦C)

Specific Surface Area
ABET (m2/g)

Total Pore Volume Vp

(cm3/g)

Average Pore
Size Sp (nm)

Ti 10:0

-

488.6 0.046 1.9
Ti9Zn1 9:1 494.7 0.079 1.9
Ti5Zn2 5:2 475.8 0.051 1.9
Ti1Zn3 1:3 97.0 0.030 2.0

Zn 0:10 27.2 0.008 2.1

Ti_600 10:0

600

26.5 0.010 2.2
Ti9Zn1_600 9:1 7.6 0.003 2.1
Ti5Zn2_600 5:2 7.2 0.005 2.2
Ti1Zn3_600 1:3 7.5 0.005 2.3

Zn_600 0:10 11.5 0.007 2.2

The samples that had undergone calcination exhibited a large decrease in the surface area.
The highest surface area (7.6 m2/g) for these TiO2-ZnO oxide materials was recorded for sample
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Ti9Zn1_600. Thermal treatment also led to a significant decrease in the pore volume and a slight
increase in the pore diameters of the obtained materials. The calculated values also imply that the
surface area decreases with increased ZnO content.

3.5. FTIR Analysis

The FTIR spectra of TiO2-ZnO binary oxide materials (see Figure 8) show absorption peaks at
550 cm−1 and 650 cm−1 ascribed to symmetric stretching vibrations of ≡Ti−O−Ti≡ and the vibration
mode of −Zn−O−Ti≡ groups [47,50,53]. The band at 1400 cm−1 indicates stretching vibrations of C–O
bonds [54]. Moreover, the FTIR spectra of the synthetic TiO2-ZnO oxide systems contain absorption
peaks at 3440 cm−1 and 1630 cm−1, which is attributed to physically adsorbed water (–OH) and N–H
stretching vibrations [55–57].

Figure 8. FTIR spectra of (a) un-calcined and (b) calcined TiO2, ZnO, and TiO2-ZnO samples.

The FTIR spectra of titanium dioxide (uncalcined and calcined) show three characteristic bands at
550 cm−1, 1400 cm−1, and 3400 cm−1, which is associated respectively with stretching vibrations of
≡Ti−O, C–O, and –OH bonds. Analysis of the FTIR spectra of zinc oxide reveals a peak characteristic
for zinc oxide (Zn–O) at 500 cm−1. The broad absorption peak appearing at 700 cm−1 to 1100 cm−1

is characteristic for non-reacted products such as CH3COO− and NH4
+. Moreover, the peak at

approximately 3400 cm−1 is ascribed to stretching vibrations of O–H bonds, which are indirectly
related to water physically adsorbed on the surface. The FTIR results for synthetic TiO2-ZnO oxide
hybrids showed absorption peaks for ≡Ti−O−Ti≡ bonds at 550 cm−1, Zn−Ti−O bonds at 650 cm−1,
and –OH groups at 3400 cm−1. Analysis of the FTIR spectra for samples Ti9Zn1, Ti5Zn2, and Ti1Zn3
reveals significant changes in the intensities of the relevant bands, which depend on the molar ratio of
the precursors. Moreover, for TiO2-ZnO oxide systems calcined at 600 ◦C (Ti9Zn1_600, Ti5Zn2_600,
Ti1Zn3_600), a decrease in the intensity of the –OH peak at 3400 cm−1 was observed. The spectra
show that the intensity of the absorption bands around 650 cm−1, which correspond to ≡Ti−O−Ti≡
bonds, increases with a growing molar ratio of the TiO2 precursor. It was also observed that the peaks
at 1630 cm−1 for O–H bending vibrations at 1400 cm−1 for C–O stretching vibrations decrease when
the calcination temperature is increased.

3.6. Thermal Analysis

Analysis of the thermograms of samples Ti, Ti9Zn1, Ti5Zn2, and Zn (see Figure 9a) indicates
a one-step degradation process. The degradation step in the temperature range 30 ◦C to 380 ◦C is
associated with a significant decrease in mass by about 19%, 18.5%, 17.0%, and 2.5% for samples Ti,
Ti5Zn2, Ti9Zn1, and Zn, respectively. The mass loss is mainly related to the local elimination of water
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bonded with the surface of the materials. When the temperature is above 380 ◦C, the samples stabilize
and their mass remains almost unchanged. For sample Ti1Zn3, three mass losses were observed on the
TGA curves. The first sample in the range of 30 ◦C to 300 ◦C corresponds to the loss of free water and
amounts to about 7.5%. In the range 300◦C to 470 ◦C, there is a second mass loss of about 5%, which is
related to the thermal decomposition of the ZnO precursor. The total mass loss for sample Ti1Zn3
was 14.0%.

Figure 9. Thermal stability of TiO2, ZnO, and TiO2-ZnO oxide systems: (a) un-calcined and (b) calcined.

The thermograms of samples Ti_600 and Ti9Zn1_600 (see Figure 9b) show a minor mass loss in
the temperature range of 30 ◦C to 350 ◦C by about 0.6% and 0.2%, respectively. This is related to the
presence of a small amount of moisture in the systems [58,59]. In the range of 350 ◦C to 1000 ◦C, there is
a second mass loss of about 0.7% and 0.4% for samples Ti_600 and Ti9Zn1_600, respectively. A slightly
different thermogravimetric curve was observed for samples Ti5Zn2_600, Ti1Zn3_600, and Zn_600.
In all three cases, the first degradation step in the temperature range of 30 ◦C to 300 ◦C with a mass
loss of about 0.1% (for samples Ti5Zn2_600 and Ti1Zn3_600) and 0.2% (for sample Zn_600) is related
to the local elimination of water bonded with the surface of the products. The next mass loss of
about 0.2%, 0.4%, and 0.5% for samples Ti1Zn3_600, Ti5Zn2_600, and Zn_600, respectively, in the
temperature range of 300 ◦C to 800 ◦C is related to the thermal decomposition of unreacted zinc
acetate [60]. The third degradation step is probably associated with the phase transformation as a
result of the applied high temperatures. The total mass loss for samples Ti5Zn2_600, Ti1Zn3_600,
and Zn_600 is slightly above 0.8%, 0.3%, and 1.1%, respectively.

Wang et al. [61] who obtained nanoparticles of TiO2-ZnO via a sol-gel process observed three steps
of mass loss, which are associated with the evaporation of water, the dehydroxylation of precursors,
and the polymorphic transformation of TiO2. The results presented above indicate that the obtained
TiO2-ZnO oxide systems have greater thermal stability than materials obtained in other studies [41,61].
In addition, titanium dioxide and zinc oxide following thermal treatment have similar thermal stability
to what was reported in the literature [58–61].

3.7. Photocatalytic Activity

Titanium dioxide is known as an effective photocatalyst for the photo-oxidation of different kinds
of hazardous organic pollutants in waste water [15]. Zinc oxide is another attractive semiconductor
oxide with similar photocatalytic properties [28]. For this reason, a key element of the present research
was an evaluation of the photocatalytic activity of the obtained TiO2-ZnO binary oxide systems.
The evaluation was based on the decomposition of MB, R6G, and RhB dyes under UV irradiation.
Titanium dioxide and samples obtained with TiO2:ZnO molar ratios of 9:1 and 5:2, additionally calcined
at 600 ◦C, were subjected to photocatalytic tests. The results are presented in Figure 10.
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Figure 10. Efficiency of photocatalytic decomposition of (a) C.I. Basic Blue 9; (b) C.I. Basic Red 1; and
(c) C.I. Basic Violet 10 in the presence of the synthesized hybrids.

The first stage of photocatalytic testing involved evaluating the photocatalytic activity of TiO2-ZnO
oxide systems in the removal of C.I. Basic Blue 9 (see Figure 10a). The TiO2-ZnO sample obtained
with a molar ratio of TiO2:ZnO = 9:1 exhibited significantly better photocatalytic activity than pure
titanium. Applying the Ti9Zn1_600 photocatalyst, the degree of decomposition of MB dye was 97.2%
after 60 min of UV irradiation. The efficiency of C.I. Basic Blue 9 photodegradation in the presence
of samples Ti_600 and Ti5Zn2_600 was 89.3% and 81.6% (after 120 min), respectively. Additionally,
the photodecomposition of this organic dye increased with increasing irradiation time.

The decolorization of R6G under UV irradiation showed that sample Ti9Zn1_600 had good
photo-oxidation activity (the efficiency of its degradation of C.I. Basic Red 1 was 93.6% after 60 min),
which is shown in Figure 10b. Samples Ti_600 and Ti5Zn2_600 showed lower photocatalytic activity
in the decomposition of C.I. Basic Red 1. The degradation efficiency was 87.2% (after 120 min) in the
presence of sample Ti_600 and slightly lower (59.1%) in the case of photocatalysis using the sample
Ti5Zn2_600.

Lastly, the photocatalytic experiments showed that a combination of titania with zinc oxide in
a molar ratio of 9:1 exhibited significantly better photocatalytic activity than samples Ti_600 and
Ti5Zn2_600 in the degradation of RhB (see Figure 10c). After 60 min of UV irradiation applying
the Ti9Zn1_600 photocatalyst, the degree of decomposition of C.I. Basic Violet 10 reached 93.4%.
The efficiency of degradation of RB dye in the presence of samples Ti_600 and Ti5Zn2_600 was 87.7%
and 71.1%, respectively.

Our results imply that the photocatalytic activity of the synthesized samples depends not only on
their BET surface area or crystallinity but can rather be attributed to dispersion and surface morphology.
Moreover, based on research reports regarding heterogeneous photocatalysis [31,62,63], we propose
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a probable mechanism (see Figure 11) and reactions of the photodegradation of organic dyes using
TiO2-ZnO oxide materials.

TiO2 − ZnO photocatalysts + hv → e− + h+ (5)

h+ + H2O → H+ + OH∗ (6)

h+ + OH− → OH∗ (7)

h+ + dye → oxidation products (8)

e− + O2 → ∗O−
2 (9)

∗O−
2 + 2H+ → H2O2 (10)

e− + H2O2 → OH∗ + OH− (11)

e− + dye → reduction products (12)

day + OH+ + O2 → CO2 + H2O + other decomposition products (13)

Prasannalakshmi and Shanmugam [51] reported that TiO2-ZnO oxide hybrids obtained using
a sol-gel method produce almost complete degradation of C.I. Basic Blue 9 within 25 min of
irradiation. Pérez-González et al. [45] obtained (TiO2)1−x-(ZnO)x thin films, with x = 0.00, 0.25,
0.50, 0.75, and 1.00, by the sol-gel process, which were deposited on glass. The synthesized
films were evaluated for their ability to degrade MB. The authors found that the photocatalytic
performance was improved by decreasing the value of x with the TiO2 thin films displaying the
highest response. Araújo et al. [64] produced TiO2-ZnO hierarchical hetero nanostructures following
a two-step procedure in which the hydrothermal growth of nanorods took place on the surface
of decorated electrospun fibers. The resulting material was applied as a photocatalyst in the
photodegradation of Rhodamine B. Photocatalytic tests showed the TiO2-ZnO composite to have
good photocatalytic activity. Agrawal et al. [65] obtained hierarchically nanostructured hollow
spheres composed of ZnO-TiO2 mixed oxides as a potential candidate for photocatalytic application.
Pei and Leung [62] prepared TiO2-ZnO nanofibers from a nozzle-less electrospinning solution
system. The authors evaluated the photocatalytic activities of different TiO2-ZnO composites in the
photodegradation of Rhodamine B (RhB) under irradiation with 420 nm visible light. ZnO/TiO2 hybrid
nanofibers were prepared via electrospinning by Chen et al. [63]. Based on the photodegradation of
RhB, it was shown that the synthesized products exhibited high degradation efficiency. The ZnO/TiO2

(1 wt %) nanofibers degraded 90% of the dye in about 15 min.

Figure 11. Mechanism of photodegradation of organic dyes using TiO2-ZnO oxide materials.
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Table 4 presents results from the literature concerning the efficiency of decomposition of C.I. Basic
Blue 9, C.I. Basic Red 1, and C.I. Basic Violet 10 dyes when different photocatalysts were used.

Analysis of the kinetics of photochemical decomposition of organic dyes shows significant
differences in the rate of degradation of the analyzed impurities in the presence of catalysts (see
Table 5). Regardless of the type of organic dye, the highest values of the degradation reaction rate k
(0.0596 min−1—C.I. Basic Blue 9, 0.0459 min−1—C.I. Basic Red 1 and 0.0453 min−1—C.I. Basic Violet
10) were recorded when the Ti9Zn1_600 oxide system was used as a photocatalyst. Furthermore, in the
presence of Ti9Zn1_600 material, the highest values of the half-life time (t1/2 = 11.632 min—C.I. Basic
Blue 9, 15.086 min—C.I. Basic Red 1 and 15.301 min—C.I. Basic Violet 10) of tested organic dyes
were noted.

Table 4. Efficiency of decomposition of selected organic dyes.

Sample Name
Concentration of Dye

Solution (mg/dm3)

Efficiency of Decomposition (%)
Ref.

C.I. Basic Blue 9 C.I. Basic Red 1 C.I. Basic Violet 10

Ti9Zn1_600 5 97.2 93.6 93.4 this
work

(TiO2)1−x-(ZnO)x 10 45.0–62.0 - - [45]
TZO1-TZO4 1 ~100 - - [51]

TiO2 5 98.3 - - [59]
TiO2/ZnO 0.5 - - ~100 [62]
ZnO/TiO2 2 - - 90.0 [63]
TiO2/ZnO 4.8 - - 90.0 [64]
TiO2/ZnO 4.8 - ~100 - [65]
ZnO-TiO2 4.8 - - ~100 [66]
TiO2/ZnO 20 96.0 - 83.0 [67]

Table 5. The reaction rate constant (k), correlation coefficient (R2), and half-life time (t1/2) of tested
organic dyes during the photocatalytic process.

Sample Name k (1/min) R2 t1/2 (min)

C.I. Basic Blue 9

Ti_600 0.0186 0.9937 37.269
Ti9Zn1_600 0.0596 0.9731 11.632
Ti5Zn2_600 0.0141 0.9957 49.178

C.I. Basic Red 1

Ti_600 0.0172 0.9584 40.398
Ti9Zn1_600 0.0459 0.9930 15.086
Ti5Zn2_600 0.0074 0.9922 93.225

C.I. Basic Violet 10

Ti_600 0.0174 0.9918 39.727
Ti9Zn1_600 0.0453 0.9897 15.301
Ti5Zn2_600 0.0103 0.9765 67.007

4. Conclusions

The proposed methodology of synthesis of the TiO2-ZnO binary oxide materials using the sol-gel
method proved to be very effective.

We studied how the TiO2:ZnO molar ratio and calcination temperature affects the physicochemical
and photocatalytic properties of synthetic TiO2-ZnO oxide hybrids. It was found that the particle
sizes, crystalline phase, surface area, pore structures, and photocatalytic activity of the TiO2-ZnO
oxide systems are strongly dependent on the amount of zinc oxide in the product as well as on the
calcination temperature.

The results of XRD analysis show that the quantity of zinc oxide in the product and the calcination
temperature have significant effects on crystallizing the resulting materials. The porous structure

29



Materials 2018, 11, 841

parameters of the TiO2-ZnO oxide systems decreased with an increasing quantity of zinc oxide and
temperature of calcination.

The TiO2-ZnO oxide hybrid obtained in a molar ratio of TiO2:ZnO = 9:1 and calcined at 600 ◦C
(sample T9Zn1_600) showed the highest photocatalytic activity. This is attributed to the fact that this
sample is composed with titanium, zinc oxide, and ZnTiO3 phases as well as with anatase as the
dominant phase. Moreover, analysis of the kinetics of the photocatalytic process performed based on
the Langmuir-Hinshelwood equation confirmed that degradation of the model organic dyes occurred
most intensely in the presence of the Ti9Zn1_600 catalyst.
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59. Siwińska-Stefańska, K.; Zdarta, J.; Paukszta, D.; Jesionowski, T. The influence of addition of a catalyst and
chelating agent on the properties of titanium dioxide synthesized via the sol-gel method. J. Sol-Gel Sci. Technol.
2015, 75, 264–278. [CrossRef]

60. Das, S.; Meena, S.S.; Pramanik, A. Zinc oxide functionalized human hair: A potential water decontaminating
agent. J. Colloid Interface Sci. 2016, 462, 307–314. [CrossRef] [PubMed]

61. Wang, L.; Fu, X.; Han, Y.; Chang, E.; Wu, H.; Wang, H.; Li, K.; Qi, X. Preparation, characterization,
and photocatalytic activity of TiO2/ZnO nanocomposites. J. Nanomater. 2013, 2013, 321459. [CrossRef]

62. Pei, C.C.; Leung, W.W.-F. Photocatalytic degradation of Rhodamine B by TiO2/ZnO nanofibers under
visible-light irradiation. Separ. Purif. Technol. 2013, 114, 108–116. [CrossRef]

63. Chen, J.D.; Liao, W.S.; Jiang, Y.; Yu, D.N.; Zou, M.L.; Zhu, H.; Zhang, M.; Du, M.L. Facile fabrication of
ZnO/TiO2 heterogeneous nanofibres and their photocatalytic behaviour and mechanism towards Rhodamine
B. Nanomater. Nanotechnol. 2016, 6, 9. [CrossRef]

64. Araújo, E.S.; da Costa, B.P.; Oliveira, R.A.P.; Libardi, J.; Faia, P.M.; de Oliveira, H.P. TiO2/ZnO hierarchical
heteronanostructures: Synthesis, characterization and application as photocatalysts. J. Environ. Chem. Eng.
2016, 4, 2820–2829. [CrossRef]

65. Agrawal, M.; Gupta, S.; Pich, A.; Zafeiropoulos, N.E.; Stamm, M. A facile approach to fabrication of ZnO-TiO2

hollow spheres. Chem. Mater. 2009, 21, 5343–5348. [CrossRef]
66. Zhang, D. Effectiveness of photodecomposition of Rhodamine B and Malachite Green upon coupled

tricomponent TiO2(Anatase-Rutile)/ZnO nanocomposite. Acta Chim. Slovaca 2013, 2, 245–255. [CrossRef]
67. Rahman, M.M.; Roy, D.; Mukit, M.S.H. Investigation on the relative degradation of Methylene Blue (MB) and

Rhodamine-B (RB) dyes under UV-Visible light using thermally treated commercial and doped TiO2/ZnO
photocatalysts. Int. J. Integr. Sci. Technol. 2016, 2, 14–18.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

33



materials

Article

Thermal and Mechanical Properties of
Silica–Lignin/Polylactide Composites Subjected
to Biodegradation
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Abstract: In this paper, silica–lignin hybrid materials were used as fillers for a polylactide (PLA)
matrix. In order to simulate biodegradation, PLA/hybrid filler composite films were kept in soil of
neutral pH for six months. Differential scanning calorimetry (DSC) allowed analysis of nonisothermal
crystallization behavior of composites, thermal analysis provided information about their thermal
stability, and scanning electron microscopy (SEM) was applied to define morphology of films.
The influence of biodegradation was also investigated in terms of changes in mechanical properties
and color of samples. It was found that application of silica–lignin hybrids as fillers for PLA matrix
may be interesting not only in terms of increasing thermal stability, but also controlled biodegradation.
To the best knowledge of the authors, this is the first publication regarding biodegradation of PLA
composites loaded with silica–lignin hybrid fillers.

Keywords: silica–lignin hybrid materials; polylactide; physicochemical and morphological
properties; mechanical properties; biodegradation

1. Introduction

During the last few years, due to the growing environmental concerns regarding waste disposal
and increasing prices of fossil fuels, demand for green products obtained from renewable resources
has significantly increased. Great deal of interest was generated especially by biodegradable
polymers. Among many biodegradable polymers, poly(lactic acid) (PLA) appears to be one of
the most attractive materials. PLA is so popular because of renewability of it resources (it can be
produced from 100% renewable resources like corn, sugar beets or rice), good mechanical properties,
and biodegradability [1]. Apart from these indisputable advantages PLA has also some serious
drawbacks that limit its wider application—poor thermal stability, low crystallization ability, and low
barrier properties [2]. Nevertheless, it has been found that the above problems can be overcome by
addition of fillers.

Silica–lignin hybrid filler combines highly available, low cost kraft lignin and silica with good
mechanical and thermal properties [3,4]. The kraft lignin has in its structure numerous hydroxyl groups
which are often found problematic and has to be masked or modified [5,6]. These hydroxyl groups are
also responsible for biodegradation of lignin [7] and its degradation in temperature over 170 ◦C [8].
Hence, combining of lignin with a thermostable, inorganic filler such as silica is thought to provide an
increased thermal stability. Although intensive research on silica–lignin hybrid fillers is being carried
out [9–11], there are still not many publications dealing with polymer/hybrid fillers composites [3,12–
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14]. Silica–lignin hybrid coupled with ammonium polyphosphate was tested as a novel intumescent
flame-retardant system to improve the fire retardancy of PLA [13]. Bula et al. [3] confirmed that
silica–lignin hybrid filler enhances thermal stability of polypropylene (PP) composites. It was also
stated that as the percentage content of the hybrid filler in the PP matrix increases, thermal stability of
composite increases, too. What is more, based on DMTA analysis, Strzemiecka et al. [12] concluded
that the thermo-mechanical properties of the composite containing silica–lignin filler depended on the
lignin-to-silica ratio in the hybrid filler. Also, composites consisting of phenolic resin and silica–lignin
hybrid filler were characterized with better thermo-mechanical properties than systems with lignin or
silica alone [14]. Therefore, application of such hybrid fillers in polymer composites is well-grounded
and should be further investigated.

Polymers that biodegrade are already very desirable in agriculture or packaging because
they eliminate the waste disposal issue. In case of PLA biodegradation, the most important
process is hydrolysis which is catalyzed by end groups of carboxylic acids (autocatalytic reaction).
The speed of this process is mainly determined by the molecular weight and stereochemical
composition of sample [15,16]. However, it turns out that in case of PLA composites fillers may
also have an effect on the biodegradation process of PLA. There are information that addition
of starch blends or wood flour to PLA accelerates the thermal decomposition of composites [17].
Blending organically modified montmorillonites with PLA was found to increase the degradation
rate [18], while PLA/PEG/nano-silica composites showed similar degradation behavior as PLA/PEG
films [19]. Although detailed literature research, no study on biodegradation of PLA/hybrid fillers
was found.

In view of the above considerations, it would appear that one of the directions that ought to be
taken in order to further develop PLA-based composites, e.g., for packaging applications, is to define
how biodegradation process of such materials affects their properties.

For that reason, the aim of this work was to determine changes taking place during biodegradation
of PLA composites filled with silica–lignin fillers of different composition. For this purpose,
thermal stability, crystallization behavior, change of color, morphology, and mechanical properties
of composites before and after simulated biodegradation process were defined. This work is a
continuation of our study on PLA composites with silica–lignin hybrid fillers [20].

2. Materials and Methods

2.1. Materials

Silica–lignin hybrid filler was produced using commercial Syloid 244 silica (W.R. Grace & Co.,
Columbia, MD, USA) and kraft lignin (Sigma-Aldrich, Steinheim am Albuch, Germany). Polylactide,
type Ingeo 2500 HP was purchased at Nature Works, Minnetonka, MN, USA.

2.2. Preparation of Silica–Lignin Hybrid Materials

Four silica–lignin hybrid materials containing silica and lignin in weight ratios 1:1, 2:1, 5:1,
and 20:1 were prepared in the same way as in previous publications [3,20–22]. Later in this paper,
silica–lignin hybrid materials will be described as “hybrid”, e.g., 20:1 hybrid stands for silica–lignin in
ratio 20:1.

2.3. Preparation of Polylactide/Silica–Lignin Hybrid Composites

Composite pellets of polylactide and 7.5% (w/w) of each hybrid filler were prepared in a
co-rotating twin screw extruder (ø = 16 mm, L/D = 40, EHP 1614, Zamak Mercator Sp. z o.o.,
Skawina, Poland) and then cut with knife mill (25-16/TC-SL, TRIA, Novi, MI, USA). The process
parameters for this first extrusion were following: a barrel temperature of 180–200 ◦C and a screw
rotation speed of 145 rpm. Films for further characterization were produced with single screw extruder
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(ø = 25 mm, L/D = 30, Metalchem, Warszawa, Poland) with slit die and chill-roll puller (pull speed
2.5 m/s). In this second extrusion the process parameters were subsequently 17–220 ◦C and 80 rpm.

The samples were named according to the following convention: “d” stands for sample after
biodegradation, PLA stands for polylactide, and numbers stand for filler type. For example,
name “dPLA/20:1”means biodegraded sample of polylactide filled with 20:1 hybrid filler.

2.4. Biodegradation of Composite Films

Films were cut into pieces of 10 mm width and 100 mm length and subsequently put into stainless
steel mesh envelops. They were buried in the conditioned soil of neutral pH, at 8 cm depth. The initial
temperature and relative humidity were 23 ± 2 ◦C and 60 ± 5%, respectively, and soil was also aerated.
All these parameters, temperature, humidity and aeration, were periodically assessed throughout the
entire period of the biodegradation process which lasted 6 month. After that time film samples were
carefully removed from soil and analyzed following the experimental protocol.

2.5. Characterization of Materials

2.5.1. Particle Size Distribution and Porous Properties of Fillers

Zetasizer Nano ZS (0.6–6000 nm) (Malvern Instruments Ltd., Malvern, UK) using the non-invasive
backscattering technique was applied to determine particle size and the dispersive properties of the
silica–lignin samples. Size of pores were determined using an ASAP 2020 instrument (Micromeritics
Instrument Co., Norcross, GA, USA).

2.5.2. Differential Scanning Calorimetry

Thermal properties of materials in form of films were evaluated using DSC (DSC 1, Mettler Toledo,
Greifensee, Switzerland) under argon atmosphere. For nonisothermal crystallization investigations,
the samples were first heated from 40 ◦C to 210 ◦C at the rate 20 ◦C/min and kept at this temperature
for 4 min to eliminate the previous thermal and/or mechanical history. Then the samples were
quenched to 40 ◦C at the rate 5 ◦C/min. This procedure was repeated two times and the second tour
was used in the calculations. Based on the determined values for the enthalpy of crystallization (H),
the extent of crystallization (crystal conversion), α was calculated (Equation (1)).

α =

∫ t
0

(
dH
dt

)
× dt∫ 1

0

(
dH
dt

)
× dt

(1)

From the curves of α = f (t), the half-time of crystallization (t0.5) was determined as time when
crystal conversion was 50%. The crystallinity degree (Xc) of materials was evaluated according to
Equation (2).

Xc =

⎛
⎝ ΔHm

ΔHm
◦ ×

(
1 − %wt filler

100

)
⎞
⎠× 100 (2)

where: ΔHm is the melting enthalpy (from second heating scan), ΔHm
◦ is the melting enthalpy

of a 100% crystalline polymer matrix (93.0 J/g for PLA [23]) and %wt filler is the filler weight
percentage. Furthermore, characteristic temperatures—melting (Tm) and crystallization (Tc)
temperatures—were defined.

2.5.3. Thermogravimetric Analysis

A Jupiter STA analyzer (Jupiter STA 449F3, Netzsch, Selb, Germany) was used to investigate the
influence of filler type on thermal stability of the composites. Measurements were conducted in the
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atmosphere of nitrogen (flow rate 20 cm3/min) at a heating rate of 10 ◦C/min over a temperature
range of 30–800 ◦C, with an initial sample weight of approximately 5 mg.

2.5.4. Colorimetric Analysis

Colorimeter (Testan DT-145, Anticorr, Gdańsk, Poland) was used to measure differences in
colors of films before and after biodegradation. Method CIE76 was applied and the differences were
calculated using Equation (3).

ΔEab∗ =

√
(L2 ∗ −L1∗)2 + (a2 ∗ −a1∗)2 + (b2 ∗ −b1∗)2 (3)

where L1, a1, and b1 stand for the measured parameters of the standard color, whereas L2, a2, and b2

stand for the parameters of the sample. Value ΔEab*~2.3 corresponds to a just noticeable difference [24].

2.5.5. Tensile Properties

Tensile properties of produced composite films were defined using Zwick and Roell Allround-Line
Z020 TEW testing machine (Wrocław, Poland). Samples of 10 mm width and thickness ca. 100 μm
were tested with speed 5 mm/min and initial force 0.2 N in accordance to standard ISO 527-3.

2.5.6. Scanning Electron Microscopy

The morphology of samples was observed using a scanning electron microscopy (EVO40, Zeiss,
Jena, Germany), at acceleration voltage of 18 kV. Before testing, all the specimens were sputter-coated
with gold for 5 s using a Balzers coater (PV205P, Oerlikon Balzers Coating SA, Brügg, Switzerland).

3. Results and Discussion

3.1. Characterization of Hybrid Fillers

In Table 1, particle size distributions, as well as average size of pores of hybrid fillers and its
precursors are presented. The effectiveness of hybrid filler formation was already proved and discussed
in our earlier paper [20]. Sizes of silica particles were in two ranges: 39–71 nm and 1440–4800 nm.
In case of lignin particles no particles smaller than 100 nm were observed, lignin sample consisted of
particles with 1720–5560 nm diameters. For each hybrid filler particle diameters were found to have
two ranges, which were a resultant of presence of both precursors, lignin and silica. Fillers containing
high amount of silica, e.g., filler 5:1, were characterized with smaller particles than fillers with high
content of lignin (e.g., filler 1:1). Similar relationship can be found while considering the average size
of pores. Silica had pores three times smaller than lignin (3.9 nm versus 12.3 nm). Diameter of pores of
hybrid filler 20:1, containing definitely more silica than lignin, were comparable to those of silica itself.
With the increasing amount of lignin in hybrid filler, the mean size of pores also increased.

Table 1. Particle size distribution and mean size of pores for hybrid fillers and their precursors.

Sample Particle Size Distribution Range (nm) Mean Size of Pores (nm)

Silica 39–71; 1440–4800 3.9
Lignin 1720–5560 12.3

Filler 20:1 39–79; 1720–4800 4.1
Filler 5:1 68–122; 1990–4800 4.8
Filler 2:1 79–220; 1720–4800 5.5
Filler 1:1 91–220; 1990–5560 8.0

3.2. Differential Scanning Analysis

It is known that introduction of filler into a polymer matrix may affect its crystallization behavior.
Defining the nucleating abilities of PLA matrix in presence of hybrid fillers after biodegradation process
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is believed to be important in terms of defining the biodegradation mechanism of such composites.
Therefore, DSC technique was applied to investigate kinetic parameters of PLA crystallization
in composites. Figure 1a shows the DSC curves of the PLA and composite materials before
biodegradation. Figure 1b presents analogical curves of samples subjected to simulated biodegradation.
Characteristic temperatures, Xc and t0.5 presented in Table 2 were calculated based on data obtained
from DSC measurements.

Figure 1. Differential scanning calorimetry (DSC) curves measured during the second cooling of
samples: (a) before biodegradation and (b) after biodegradation.

Table 2. Tabulated values of melting temperatures (Tm), crystallization temperatures (Tc), crystallinity
degree (Xc), and half-time of crystallization (t0.5) of samples before and after biodegradation.

Sample Tm (◦C) Tc (◦C) Xc (%) t0.5 (min)

PLA 177.0 98.0 60 2.9
PLA/20:1 177.4 105.9 47 2.8
PLA/5:1 176.9 106.6 48 2.5
PLA/2:1 175.9 105.8 51 2.4
PLA/1:1 174.5 103.5 52 2.2

dPLA 176.8 98.1 66 2.5
dPLA/20:1 177.0 107.6 49 2.2
dPLA/5:1 177.0 107.9 51 2.2
dPLA/2:1 176.9 107.2 55 2.1
dPLA/1:1 175.9 106.1 57 2.0

For samples that were not subjected to simulated biodegradation the Tm was in range
174.5–177.4 ◦C, while for the biodegraded samples Tm was in range 175.9–177.0 ◦C. It is known
that small changes in Tm of composites are caused by the perfection of spherulite structure of PLA.
Tm values obtained in this study were very comparable and consistent with the literature [2,25].

The peaks at 98–108 ◦C are attributed to crystallization of PLA matrix. The crystallization
temperature provides information about the nucleation ability of PLA in presence of hybrid fillers.
In case of all, non- and biodegraded, samples addition of hybrid filler was responsible for shifting of
DSC exothermic peak towards higher temperature. In comparison with unfilled PLA, Tc of composite
samples before biodegradation markedly increased (by 5.5–8.5 ◦C). For biodegraded samples that
difference in Tc was even slightly higher, and reached 8–10 ◦C. Obtained results are compliant with
changes in Tc reported for PLA/lignin [26] and PLA/graphene composites [27]. Given the above,
it can be stated that hybrid fillers act as heterogeneous nucleation agents of PLA matrix.

The calculated Xc was in range from 47% to 60% for pristine films and from 49% to 66% for
degraded samples. Among both, non- and biodegraded samples, the highest value of Xc parameter
was noted for the unfilled PLA. However, samples after biodegradation were characterized with
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slightly higher values of Xc. Similar tendency was observed by Zimmermann et al. [28]. According to
literature this is probably a result of biodegradation process that in the first stage takes place in
amorphous regions and thus enhances the crystallinity degree [29].

Nucleation effect and polymer chain mobility—these are two competing processes that take place
during crystallization process. It is likely that introduction of hybrid filler into PLA matrix intensifies
the first stage of crystallization, formation of nuclei, but at the same impairs the chain mobility.

The analysis of crystal conversion curves (Figure 2) and crystallization half-times (Table 2) reveals
that incorporation of each type of hybrid filler caused a drop of t0.5. In case of non-degraded samples,
the lowest noted value of t0.5 was 2.2 min (2.9 min for pristine PLA). Silica, the main constituent of our
hybrid fillers, is a well-known nucleating agent for PLA [30,31]. Generally, it is believed that as the
particle size of filler decreases, its surface area increases providing more nucleating sites. However,
our findings do not support the thesis that decrease of particle size (the higher was the amount of silica
in hybrid filler, the smaller were particles of filler) enhances the crystallization of PLA.

Figure 2. Crystal conversion curves of samples: (a) before biodegradation and (b) after biodegradation.

It seems rather that the composition of the hybrid filler was a major factor influencing the t0.5

parameter, especially in non-degraded composites. It was shown that crystallization half-times of PLA
matrix in presence of hybrid fillers depend mainly on mobility of polymer chains. Size and surface
area of fillers are crucial in terms of nucleating processes. Nonetheless, hybrid fillers with highly
active surface may induce segmental limitation of polymer chains mobility, and in result, formation
of spherulitic structures. It is likely that in case of PLA/hybrid filler composites the amount of small
nuclei formed in matrix by silica particles was so high that it restricted the mobility of polymeric
chains and consequently limited the formation of spherulites. Another factor possibly restricting the
mobility of PLA chains was size of pores of the filler. Pores of 20:1 filler, containing high amounts
of silica, were definitely smaller than in case of 1:1 hybrid filler (4.1 nm and 8.0 nm, respectively).
Even though presence of these small pores is responsible for formation of transcrystalline layers in
PLA/silica composites [20], it also hindered the movements of polymer chains. That explains why
the t0.5 parameter was lower for PLA/1:1 than for PLA/20:1 films. Surprisingly, not only silica was
an agent hindering the formation of PLA spherulites. As it can be seen in Table 2, crystallization
half-times of all biodegraded composites were rather similar and lower than those for non-degraded
films (minimal value 2.1 min for dPLA/2:1, 2.5 min for dPLA). These comparable results provide
information about the course of the biodegradation process of hybrid filler. Most likely products of
decomposition of lignin, constituent of hybrid filler, act as a nucleating agent for PLA matrix. It is
confirmed by differences in Xc of biodegraded samples, which for composite with 1:1 hybrid filler
reached 57% and for films with 20:1 hybrid filler only 49%. Here, removal of the lignin from the PLA
matrix (during the biodegradation) was also responsible for the fact that PLA polymer chains regained
some of their mobility.
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3.3. Thermal Stability of Composites

The curves of PLA-based composites with hybrid fillers are given in Figure 3.

Figure 3. Curves for PLA-based films.

Curves in Figure 3 indicate that the thermal degradation of PLA and PLA/hybrid filler is a
rather simple process. According to Kopinke et al. [32] who performed analysis and pyrolysis-MS
of PLA, at temperature 295 ◦C lactide is released, whereas at 350 ◦C also higher cyclic oligomers are
removed. The curves of silica–lignin hybrid filler showed that decomposition of such material takes
places in three stages—first one is associated with loss of water, during second stage (210–600 ◦C)
intensive sample mass loss (~40%) occurs, and in the last stage fragmentation and final degradation
takes place [3]. The main weight loss step for both, pristine PLA and hybrid filler, occurs in similar
temperature range (280–380 ◦C). It is possible that because of overlapping for PLA/hybrid filler
composites only one stage weight loss was observed. The tabulated values obtained from these
measurements are provided in Table 3. The results indicate that biodegradation of pristine PLA causes
a decrease in its thermal stability—50% wt. loss for PLA and dPLA was observed at 361 ◦C and 345 ◦C,
respectively. Decrease of thermal stability (from Td = 351.5 ◦C to Td = 339.6 ◦C) of PLA biodegraded
for 6 months was also reported by Pinto et al. [33].

Table 3. Tabulated thermal analyses values of tested films.

Sample
5% wt. Loss 15% wt. Loss 50% wt. Loss

Temperature (◦C)

PLA 326 337 361
PLA/20:1 314 331 359
PLA/5:1 303 326 350
PLA/2:1 314 332 358
PLA/1:1 281 291 315

dPLA 314 326 345
dPLA/20:1 314 331 360
dPLA/5:1 303 325 350
dPLA/2:1 314 332 356
dPLA/1:1 280 321 345

Gordobil et al. reported that incorporation in PLA acetylated kraft lignin, as well as unmodified
one, improves the thermal stability of composites [34]. However, the presence of untreated lignin in
PLA composites was also shown to have a negative impact on their thermal stability [35].
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Analysis of thermal values reveals no substantial differences in characteristic temperatures of
non- and biodegraded samples containing 20:1, 5:1, and 2:1 hybrid filler. These values were also
comparable with those noted for pristine PLA. However, it turned out that the difference in thermal
stability of dPLA/1:1 and PLA/1:1 was particularly important. The starting PLA/1:1 sample contained
relatively high amount of lignin that was probably decomposed during biodegradation. In such case
silica became the main constituent of the filler and thus contributed to increase of thermal stability of
composites. Given that it can be assumed that in silica–lignin hybrid fillers the presence of silica is
responsible for maintaining thermal stability of composites and the lignin is a constituent.

3.4. Colorimetric Analysis

In view of potential applications of PLA/hybrid fillers composites not only thermal and
mechanical properties are important. Appearance of such films is also an essential factor. Therefore,
in Figure 4 values of ΔEab* parameter obtained by comparison of samples before and after
biodegradation process are presented.

Figure 4. Values of ΔEab* parameter for tested films.

Since value ΔEab*~2.3 corresponds to a just noticeable difference it can be stated that only for
samples of PLA/1:1 and PLA/2:1 a clearly visible change in color of films could be observed. In these
samples the amount of lignin was the highest. These relationships are understandable—the lignin
is known to change color not only during its isolation from biomass but also during biodegradation
because of degradation of aromatic structures toward oligomeric chromophores [36,37]. This change
of color, browning, is thought to be the main obstacle for high value-added use of lignin in areas such
as sunscreen or dyestuff dispersants [37].

3.5. Mechanical Properties

Table 4 presents parameters obtained during tensile testing of primary PLA films and samples
subjected to simulated biodegradation.
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Table 4. Young’s modulus (YM), tensile strength (TS), and elongation at break (EB) parameters
calculated for PLA films before and after biodegradation.

Sample YM (GPa) TS (MPa) EB (%)

PLA 2.08 ± 0.12 52.28 ± 5.59 46.33 ± 17.17
PLA/20:1 1.15 ± 0.18 27.94 ± 1.84 10.23 ± 1.20
PLA/5:1 1.33 ± 0.13 30.42 ± 2.56 20.37 ± 7.20
PLA/2:1 1.34 ± 0.21 38.17 ± 1.08 5.26 ± 1.38
PLA/1:1 1.12 ± 0.18 30.07 ± 3.14 3.67 ± 0.79

dPLA 2.11 ± 0.55 52.93 ± 2.53 12.30 ± 3.75
dPLA/20:1 0.67 ± 0.11 21.30 ± 0.25 1.75 ± 0.04
dPLA/5:1 0.37 ± 0.15 13.39 ± 6.12 2.01 ± 0.68
dPLA/2:1 0.29 * 7.58 * 1.67 *
dPLA/1:1 0.14 * 3.17 * 1.41 *

For samples marked with ‘*’ standard deviation was not calculated.

As it should be expected, biodegradation of composites caused a decrease of TS and YM of
films. Especially dPLA/2:1 and dPLA/1:1 films were so degraded that it was impossible to test more
than one sample. Incorporation of hybrid filler of any type caused an impairment of all the tested
parameters. The highest values of YM, TS, and EB were obtained for neat PLA. Maximal values of
TS and YM for pristine PLA were definitely higher than those for some composites. What is more,
TS and YM of PLA matrix were unaffected by the biodegradation process. Similar relationship for
TS was described by Karamanlioglu et al. [38] who studied influence of biotic and abiotic factors on
the rate of degradation of PLA samples buried in compost and soil. TS and YM of non-degraded
composite samples were similar (approximately 28–38 MPa for TS and 1.12–1.34 GPa for YM) but lower
than for pristine PLA. Obtaining a good interaction between components of composites is needed
for effective stress transfer between matrix and filler. Accordingly, it is crucial in terms of enhancing
mechanical properties of composites [39]. In general it is believed that the increase of particle size
of reinforcement causes an enhanced debonding of the filler from polymer matrix [40]. However,
in this research the influence of particle size on mechanical properties of films turned out to be rather
negligible. Here, the decrease in tensile properties should be rather ascribed to presence of lignin,
what was also reported elsewhere [41]. Even though lignin and PLA, due to their ability to form
hydrogen bonds, offer quite good compatibility in order to observe significant increase of mechanical
properties fractionation or modification of lignin is often needed [42,43].

Values of TS and YM calculated for biodegraded samples were divergent but there is some
relationship between type of filler used and tested parameters. It can be noticed that the higher was the
amount of lignin in filler, the lower values of TS and YM were obtained. In order to fully understand
this relationship, one has to know that two main mechanisms of biodegradation are distinguished: (i)
bulk erosion, when water diffuses rapidly between polymer chains, causing hydrolysis and (ii) surface
erosion during which the polymer resorbs water from its outer surface toward its center [44]. It was
found that PLA composites are first being hydrolyzed in whole bulk of the material [45] and then they
may undergo surface erosion [46]. It was also proved that presence of hydroxyl groups in composite
fillers enables penetration of water into ester groups of PLA matrix and facilitates biodegradation
process [18]. Also hydroxyl groups present in kraft lignin can contribute to its biodegradation. It is
most likely that as the amount of lignin in composite increases, the water adsorption increases and
thus biodegradation accelerates. That is also consistent with other research [47].

The values of the EB parameter of the evaluated samples were significantly different. PLA
generally suffers from a low deformation at break thus requires the use of plasticizers [48]. However,
in this case the highest value of this parameter (ca. 46%) was noted for neat PLA. Incorporation of filler
in PLA matrix resulted in decrease of EB. This is a typical behavior for some composites, especially
nanocomposites. Again, biodegraded composites were found to have more uniform values of EB (ca.
1–2%) than non-biodegraded samples (ca. 4–20%). EB parameter for pristine PLA was the parameter
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affected by the biodegradation the most. While in terms of YM and TS of both PLA samples there was
almost no difference, for EB for PLA reached 46%, whereas for degraded PLA it was only 12%.

3.6. Morphology of Films

SEM micrographs for non- and biodegraded samples (see Figure 5) were taken in order to define
the morphological structure of composite films and thus provide better understanding of results of
mechanical tests.

 
Figure 5. SEM images of composite films: (a) PLA, (b) dPLA, (c) PLA/5:1, and (d) dPLA/5:1.

Comparison of SEM pictures of non- and biodegraded PLA samples shows some interesting
differences. On the contrary to dPLA sample (Figure 5b), the micrograph of non-degraded PLA
(Figure 5a) reveals the presence of well visible parallel lines (marked with red arrows) which are
the remains of orientation process occurring during extrusion of films. Orientation and polymer
chain relaxation, these are two important effects that can have an impact on mechanical properties of
materials. Yu et al. [49] have shown that during orientation of films under the different drawing speeds
modulus and tensile strength remained almost the same, but an elongation decreased. Increased chain
relaxation along with lower degree of orientation occurred during biodegradation of PLA films seem
to be a reason for such significant decrease of EB parameter (from ca 46% for PLA to ca. 12% for dPLA).

In presented SEM microphotographs both, lignin and silica particles can be observed. Figure 5c,d
reveal the presence of some aggregates of silica (seen as light points) with particles sizes below 1 μm
as well as some bigger silica aggregates (ca. 2 μm) covered with polymer matrix. On the other hand,
lignins are known to have spherical shape which is a result of their three-dimensional structure [50].
An example of such big, well-defined, spherical lignin particle, fully covered with PLA matrix, can be
seen in Figure 5c. That sample was also characterized with good interphase adhesion between polymer
matrix and particles of the filler. On the contrary, as shown in Figure 5d, the surface of the degraded
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sample was less uniform when compared to non-degraded sample. The PLA matrix itself remained
intact, but the lignin particles were already partially decomposed, showing some delamination. What
is crucial, in the biodegraded composite film the lignin particles and products of their degradation
were almost entirely uncovered with polymer. Also some cracks at the matrix/filler interphase were
present. These cracks were responsible for lowering the mechanical properties of composites subjected
to biodegradation. According to literature, hydroxyl groups present in lignin are partially responsible
for its biodegradation [7]. Moreover, weight loss studies have shown that samples containing high
amount of lignin underwent the highest weight loss—7.7% and 6.5% for composites with 1:1 and 2:1
hybrid filler, respectively. Weight loss for other samples was as follows: 0.9% for unfilled PLA, 2.8%
for PLA with 20:1 hybrid, and 4.3% for PLA filled with 5:1 hybrid. Therefore, it is believed that in
PLA/hybrid filler films lignin was an ingredient that underwent biodegradation as first, causing a
discontinuity of PLA matrix.

4. Conclusions

The subject of this study was to prepare PLA/hybrid fillers composites and determine changes
taking place during biodegradation of PLA. Measurements were taken so to define thermal stability and
crystallization behavior, while morphology of samples was investigated by SEM technique. Changes
in color and mechanical properties of composites were examined as well. All of these methods were
used to investigate both, non- and biodegraded samples. To the best knowledge of the authors this is
the first publication regarding biodegradation of PLA composites with silica–lignin hybrids as fillers.

It was found that thermal studies, including phase transitions observations, can provide
information about the course of biodegradation process of PLA/hybrid filler composites. The results
show that during the biodegradation of hybrid fillers lignin is a component that undergoes degradation
as first. Products of its decomposition turned out to act as heterogeneous nucleation agent for PLA.
However, the major agent determining thermal stability of composites was the presence of silica.
Susceptibility to biodegradation and thermo-mechanical properties of prepared composites are strongly
related to composition of hybrid filler. Composites with hybrid filler containing high amount of lignin
were the most active in terms of nucleating abilities. However, such composites were characterized with
the lowest thermal stability. These findings suggest that composition of hybrid fillers should be further
optimized. Obtained results indicate that composite with 2:1 hybrid filler was the most thermally
stable (comparable to unfilled PLA) and underwent biodegradation process the most effectively.
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Abstract: Titania has properties that enable it to be used in a variety of applications, including
self-cleaning surfaces, air and water purification systems, hydrogen evolution, and photoelectrochemical
conversion. In order to improve the properties of titanium dioxide, modifications are made to obtain
oxide/hybrid systems that are intended to have the properties of both components. In particular, zinc
oxide, zirconia and molybdenum disulfide have been proposed as the second component of binary
systems due to their antibacterial, electrochemical and photocatalytic properties. This paper presents
a review of the current state of knowledge on the synthesis and practical utility of TiO2-ZnO and
TiO2-ZrO2 oxide systems and TiO2-MoS2 hybrid materials. The first part focuses on the hydrothermal
method; then a review is made of the literature on the synthesis of the aforementioned materials using
the sol-gel method. In the last section, the literature on the electrospinning method of synthesis is
reviewed. The most significant physico-chemical, structural and dispersive-morphological properties
of binary hybrid systems based on TiO2 are described. A key aim of this review is to indicate the
properties of TiO2-ZnO, TiO2-ZrO2 and TiO2-MoS2 hybrid systems that have the greatest importance
for practical applications. The variety of utilities of titania-based hybrid materials is emphasized.

Keywords: titanium dioxide; zinc oxide; zirconia; molybdenum disulfide; binary systems; hybrid
materials

1. Introduction

Constant scientific and technological progress, as well as the desire to create environment-friendly
technologies, is leading to intensive work on obtaining new-generation, functional products with
strictly designed physico-chemical and dispersive-morphological properties, dedicated to specific
applications. These studies focus on changing the physico-chemical features of many well-known
and widely used materials. This group of substances includes oxide and hybrid materials based
on titanium dioxide, which are distinguished by specific, precisely defined physico-chemical and
structural properties, determined chiefly at the stage of their synthesis. Research on the synthesis
of advanced materials based on titanium dioxide is becoming oriented towards the conscious and
skilled modification of those materials’ properties, achieved by selecting appropriate methods and
process conditions. For every method, the selection of conditions such as the precursors used,
the implementation of the process, the final processing temperature and the pH of the reaction
system has a decisive impact on properties of the product such as its dispersive character, morphology,
thermal and colloidal stability, parameters of porous structure, and hydrophilicity or hydrophobicity.
The wide range of possible methods of synthesis enables the design of materials of this type with
diverse physico-chemical and structural parameters, and is crucial in view of the constant demand
for such hybrids. Furthermore, technological progress is accompanied by increased interest in and
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development of methods enabling better control of the process, and thus also of the properties of the
synthesized materials.

Metal oxide systems have attracted a great deal of attention in recent years on account of their
special electronic and chemical properties. Among the metal oxide semiconductors, compounds
such as TiO2, ZrO2 and ZnO have been investigated extensively due to their chemical stability
and good photocatalytic properties [1]. Titanium dioxide is the most widely used metal oxide for
environmental applications, paints, electronic devices [2], gas sensors [3] and solar cells [4,5]. It is a
well-known semiconductor with excellent photocatalytic properties, which has been widely used in
environmental pollutant elimination [6,7], antibacterial dopes, self-cleaning surface, etc. [8]. Its unique
antibacterial properties make it a candidate for applications in medical devices and sanitary ware
surfaces [9]. Moreover, titania incorporated into polyester fabric [10,11] and related materials can
be used as an absorber of harmful UV irradiation. Zinc oxide, due to its antibacterial [12] and
photocatalytic activity [13], as well as its wide bandgap, has found applications in various areas based
on its optical [14], piezoelectric and gas sensing properties [15,16], and in addition zinc compounds
have generally been regarded as safe [1,17]. Zirconia is one of the most intensively studied materials
owing to its technologically important applications in gas sensors [18,19], fuel cell electrolytes [20],
catalysts [21] and catalytic supports [22], metal oxide-semiconductor devices [23], and in view of its
superior thermal and chemical stability [24] and other properties [25].

Among synthetic hybrid oxide systems, particular attention is given to TiO2-ZrO2 materials,
which thanks to the addition of zirconium dioxide have much greater surface area and mechanical
strength than pure TiO2. Conjugation of zirconia together with titania leads to obtain products which
are characterized with higher specific surface in comparison to pristine TiO2. Moreover, the addition
of ZrO2 to TiO2 inhibits phase transformation of anatase-to-rutile, and creates more active site groups
on titania surfaces [22,24]. There are many publications concerning the application of TiO2-ZrO2

hybrids in photocatalysis [26,27]. The use of TiO2-ZrO2 hybrid materials in the photo-oxidation of
organic compounds or degradation of dyes originating from various industrial plants is well known.
They also have applications in the photo-reduction of atmospherically harmful oxides, like CO2 and
NOx, resulting for example from the combustion of fossil fuels. The advantages of the TiO2-ZrO2

hybrid are its mechanical strength, non-toxicity and corrosion resistance, and the ability to conduct
photocatalytic processes using sunlight. These may be causes of increasing demand for this material in
the near future [28–30].

Combining Titania with zinc oxide can also lead to a hybrid oxide system with good photocatalytic
properties [31]. The resulting material can be used, for instance, in the degradation of organic impurities
such as detergents, dyes and pesticides present in various types of wastewater. A TiO2-ZnO hybrid
material can be synthesized by both physical and chemical processes, which enables enhancement of its
properties, for example by widening its spectrum of light absorption. Additionally, the photocatalytic
activity of oxides may help reduce the tendency of pollutants to form aggregate structures [32].

The combination of TiO2 with a semiconductor, such as molybdenum disulfide, allows the creation
of a hybrid system that not only exhibits activity under the influence of visible radiation, but also
allows the separation of photogenerated electron-hole pairs, which increases the catalytic capacity of
the material [33,34].

The presented review focuses on recent stage on knowledge about sol-gel, hydrothermal and
electrospinning synthesis of advanced, multifunctional materials based on titanium dioxide with
strictly defined physico-chemical and structural properties, which significantly determine their
multidirectional application. It is known that different properties of hybrid systems, such as
TiO2-ZnO, TiO2-ZrO2 and TiO2-MoS2, depend on their morphology, crystallites size, and crystalline
structure, which can be modified by selecting the appropriate method for their synthesis, as well as
selecting the right components which together with TiO2 will create advanced hybrid materials with
unique properties.
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2. Method of Synthesis of Titania-Based Materials

2.1. The Hydrothermal Method

One of the most frequently used methods for obtaining powder materials with specific
physico-chemical and dispersive-morphological properties is hydrothermal synthesis. This can be
used to obtain oxides such as TiO2, ZrO2, Al2O3, etc. According to the definition proposed by Roy [35]
and Rubenau [36], hydrothermal synthesis is a reaction that takes place in a water environment at
elevated temperature (>100 ◦C) and pressure, carried out in an autoclave [37,38].

The physico-chemical properties of products formed using the hydrothermal method depend
on many process parameters, including the temperature, pressure, time of reaction, reactor volume,
type of solvent used, and ratio of reagents (Figure 1). Literature data demonstrate clearly that the
temperature and time of hydrothermal treatment [39,40], as well as the relative quantities of reagents
used, have an effect on the crystal structure [41,42] and crystallite size of the synthesized material.
Another important parameter is the reactor volume; this conditions the creation of (hydrostatic)
pressure, which has a direct impact on the size of the synthesized particles [43–45].

Figure 1. Process parameters determining the physico-chemical and structural properties of products
obtained by the hydrothermal method.

The hydrothermal method offers many advantages, including a fast reaction rate, the quality and
purity of the synthesized products, and the obtaining of materials with a crystalline structure and a
smaller particle size. The hydrothermal method can also be used to obtain products in intermediate
oxidation states, such as chromium(IV) oxide, as well as metastable compounds such as tellurium
iodide (Te2I) [39]. Furthermore, it is extremely advantageous both environmentally and economically,
because of its relatively low energy costs. Compared with other well-known and widely used
techniques in which the growth of crystals requires significant energy inputs (high temperature
and pressure), the hydrothermal method offers conditions of crystallite growth similar to natural
conditions. This is consistent with the principles of green chemistry [46–48].

Some unquestionable disadvantages of the hydrothermal method include the complexity and
cost of the equipment (resulting from the need for the autoclaves to be resistant to high pressure).
Moreover, this method does not permit direct observation of the process, and it requires the reagents
used to be soluble in water, which serves as the process medium [49–51].

Despite these drawbacks, the hydrothermal method is often combined with other techniques
(combined methods) to improve the physico-chemical properties of the synthesized materials.
One such technique was described by Komarneni et al. [52] and Tompsett et al. [53], who introduced
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microwaves to the hydrothermal reactor, enabling it to be heated more rapidly to the required
temperature. This enhancement of the hydrothermal process is made possible by the special properties
of Teflon. That material has an optical gate which enables the passage of waves characteristic for the
microwave range. The microwave-assisted hydrothermal method offers a high speed of crystallization
(faster reaction kinetics) and leads to products with a very narrow particle size distribution and
controlled morphology.

Due to the advantages of both conventional and microwave-assisted hydrothermal methods,
in recent years these techniques have been used more frequently for synthesizing oxides and
hybrid systems. To obtain oxide systems with diverse physico-chemical and structural properties,
many researchers have used titanium dioxide (TiO2)—a compound commonly applied in many
branches of industry—as a base for combination with zinc oxide (ZnO), zirconium dioxide (ZrO2) and
molybdenum disulfide (MoS2) [54,55]. These materials offer good photocatalytic and electrochemical
properties. For this reason, it is a problem of interest to synthesize oxide systems such as TiO2-ZnO,
TiO2-ZrO2 as well as TiO2-MoS2 hybrid system using the principles of the conventional and
microwave-assisted hydrothermal methods. Table 1 summarizes the most significant literature reports
concerning the synthesis of TiO2-ZnO binary systems using the hydrothermal method, with or without
the action of microwaves.

Many literature reports indicate that the most photo-active crystalline form of titanium dioxide is
anatase [4,5]. However, its use limited by relatively large band gap 3.2 eV [6]. Therefore, the scientists
have focused on modifying the physico-chemical properties TiO2 to improve its photocatalytic activity.
Modification may be performed by formation hybrid materials [26,28,33]. Xu et al. [8] developed
the synthesis of a TiO2-ZnO oxide system based on the principles of the sol-gel and hydrothermal
methods. A key part of their work was the evaluation of the photocatalytic properties of the resulting
materials in the decomposition of methyl orange (C.I. Basic Orange 10). In the first step, titanium
tetrabutoxide, acetic acid and distilled water were mixed with zinc acetate, diethylamine (DEA) and
ethanol, after which the solution underwent aging until it became a gel. In the second step the product
was hydrothermally treated at different temperatures and for different times. X-ray diffractograms
revealed the presence of characteristic diffraction reflections for anatase. Increasing the temperature of
the hydrothermal treatment was shown not to affect the crystal structure of the final product. Scanning
electron microscope (SEM) images showed that the TiO2-ZnO oxide systems contained particles with
near-spherical shape and with a marked tendency to agglomerate. It was also found that an increase
in the temperature of hydrothermal treatment, and the calcination process, did not significantly alter
the morphology of the TiO2-ZnO oxide system. In photocatalytic tests, all of the synthesized materials
demonstrated high photoactivity. The material subjected to hydrothermal treatment at 150 ◦C for 24 h
and additional calcination at 350 ◦C for 2 h produced a 55% yield of methyl orange degradation after
3 h.
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Cheng et al. [56] obtained TiO2-ZnO oxide systems which were used for energy conversion in
dye-sensitized solar cells (DSSCs). The synthesis process used previously obtained TiO2 nanospheres,
which were hydrothermally treated with zinc nitrate. The products were found to contain the crystal
structure of anatase and wurtzite, and had the surface areas (which was determined by the multipoint
Brunauere Emmette Teller method (BET)) of 348.8, 187.3 and 122.2 m2/g. It was shown that an
increase in the molar fraction of ZnO in the synthesized materials led to increased intensity of the
diffraction peaks corresponding to wurtzite, and deterioration of the porous structure parameters.
The synthesized systems were used as photoanodes in DSSCs. The tests showed that the TiO2-ZnO
oxide systems had better optical properties and higher energy conversion efficiency (8.78%) than pure
titanium dioxide (6.79%).

Similar results to the aforementioned reported by Xu et al. [8] were obtained by Li [58], who observed
the presence of characteristic diffraction peaks for ZnO, Ti3O5 and Ti, and found the materials to
contain particles with a fusiform shape. They also demonstrated that the crystallinity of ZnO declined
with an increase in the fraction of TiO2 in the final product. Tests of the photocatalytic activity of the
TiO2-ZnO binary oxide system showed that it yielded complete degradation of methyl orange (C.I.
Basic Orange 10) after 30 min. With pristine ZnO, by contrast, complete degradation occurred after
50 min.

With regard to the extensively described good electrochemical properties of TiO2 [67–69] and
ZnO [70–72], Vlazan et al. [59] undertook work on the synthesis of a TiO2-ZnO oxide system in the
form of core-shell nanoparticles, and went on to determine the electrochemical properties of the
synthesized material. In the first stage of the synthesis, ZnO was obtained as a result of hydrothermal
treatment of a mixture of zinc nitrate and a sodium hydroxide solution. The ZnO was then added
to a suspension of poly(vinyl alcohol) and titanium tetraisopropoxide, and the reaction mixture was
treated hydrothermally at 220 ◦C for 5 h. Analysis by techniques including X-ray diffraction (XRD)
and scanning electron microscopy (SEM) showed that the obtained binary oxide system had the crystal
structure of anatase and wurtzite, and that its particles were of spherical shape and measured 30 nm in
diameter. Compared with the materials described by Cheng et al. [56], the obtained TiO2-ZnO oxide
system had a smaller BET surface area (44.4 m2/g) and total pore volume (0.1132 cm3/g). The study
also included an investigation of the electrochemical properties of the synthesized binary material.
It was found that the electrical resistance of the TiO2-ZnO oxide system decreased with increasing
temperature, from � = 1.2·× 108 Ω (−128 ◦C) to � = 7.52·× 106 Ω (29 ◦C). At the same time the
electrical conductivity increased from σ = 3.78·× 10−8 S/cm (−128 ◦C) to σ = 6.04·× 10−7 S/cm (29 ◦C).
The results demonstrate that the synthesized material offers good semiconducting properties.

The common use of titania in photocatalysis [54] motivated Zhang et al. [60] to test an oxide
system based on TiO2 in a degradation process of C.I. (Colour Index) Basic Orange 10. Titanium
tetrabutoxide and zinc acetate, dissolved in a poly(ethylene glycol) solution, were used as precursors.
The obtained solutions were mixed and then treated hydrothermally at 120 ◦C for 6 h. To improve its
crystallinity, the resulting oxide system was subjected to further hydrothermal treatment at 180–200 ◦C
for a specified time. Based on X-ray diffraction results it was shown that the materials contained the
crystal structure of anatase and wurtzite. It was observed that increasing the temperature and time
of hydrothermal treatment improved the crystal structure of the analyzed materials. The TiO2-ZnO
oxide systems contained particles of spherical shape with a tendency to agglomerate, and a range of
sizes between 25 nm and 100 nm. The BET surface area was 206 m2/g and 97 m2/g respectively for
materials treated at 180 ◦C and 200 ◦C. The synthesized materials were tested in the photocatalytic
degradation of methyl orange (C.I. Basic Orange 10). The TiO2-ZnO oxide systems exhibited high
activity in the degradation of that dye. The synthesized hybrids were also shown to have superior
properties to those of pure TiO2 and ZnO.

Spherical hollow structures are receiving a great deal of attention, because they offer the lowest
surface/volume ratio for aggregated products. Recent literature reports indicate the high photocatalytic
activity of this type of TiO2 [73,74] and ZnO [75] structures due to their large surface area, low density
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and highly efficient light-harvesting abilities. Wang et al. [61] showed that the use of titanium(IV)
sulphate(VI) and zinc nitrate(V) as precursors in the hydrothermal synthesis of TiO2-ZnO binary
materials enables the obtaining of products with a defined morphology, spherical hollow structures
(Figure 2). The synthesized oxide systems were found to contain the crystal structure of anatase and
wurtzite. It was confirmed that an increase in the time of hydrothermal treatment above 6 h did not
significantly affect the crystal structure. Analysis of porous structure parameters showed the BET
surface area to be equal to 55.9 m2/g. To confirm the high photocatalytic activity of the products, a test
was conducted using the degradation of methyl orange (C.I. Basic Orange 10). The TiO2-ZnO oxide
systems produced very high rates of dye degradation (total decoloration after 25 min in UV light and
after 180 min in visible light).

Figure 2. (a,b) SEM; (c) high-resolution transmission electron microscopy (HRTEM) and (d) selected
area electron diffraction (SAED) images of the TiO2-ZnO system (created based on [61] with permission
from Elsevier Publisher).

Core-shell [76,77] nanoparticles have a core made of one material, coated with another material
on top of it. In biological applications, core-shell nanoparticles have major advantages over simple
nanoparticles, which can lead to improved antibacterial properties. Rusu et al. [62] developed a simple
synthesis of a TiO2-ZnO oxide system in the form of core-shell structures, with an application in a
process of bacterial degradation. In the first stage of the synthesis, ammonia water was added to a
zinc acetate solution. Then titanium tetraisopropoxide was added dropwise to the solution, and the
resulting reaction mixture was hydrothermally treated at 220 ◦C for 5 h. X-ray diffraction results
showed the product to contain the crystal structure of TiO2 and ZnO. SEM images revealed particles of
spherical shape with a tendency to agglomerate; the particle diameters were measured at 10–20 nm
for TiO2 and 30–80 nm for ZnO. Based on the results of antibacterial and antifungal tests, it was
found that the material had good biological properties. The TiO2-ZnO oxide system exhibited a
biostimulating effect on the biosynthesis of fungi proteases, which is very important from the point of
view of biotechnological applications.

Methylene blue (C.I. Basic Blue 9) is the most commonly used substance for dyeing cotton,
timber and silk. Therefore, it is of great importance to deal effectively with the pollution resulting
from such processes [78,79]. Chen, Zhang, Hu and Li [63] proposed a simple synthesis of TiO2-ZnO
binary oxide materials for use in methylene blue degradation. In the first stage of the synthesis, TiCl4
and ZnCl2 were dissolved in a water-ethanol mixture in the molar ratios Ti:Zn = 2:1, 1:1 and 1:2.
Next, a urea solution was added with intense mixing for several hours, and then the mixture was
subjected to hydrothermal treatment. The synthesized photocatalysts had similar crystal structure and
morphology to the materials described in earlier studies. It was also observed that with an increase
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in the molar fraction of a given monoxide, there was an increase in the intensity of the diffraction
peaks corresponding to its crystal structure. In the degradation of a model methylene blue solution,
the synthesized TiO2-ZnO oxide systems demonstrated high photoactivity in the decomposition of the
tested organic pollutant. Complete decoloration of the dye solution was observed after 180 min in the
presence of the material obtained in the molar ratio TiO2:ZnO = 1:2.

The precisely defined crystal structure of this group of binary materials determines the range of
their possible applications. In an investigation of the formation of specific mixed crystal structures,
Wang et al. [64] carried out a synthesis of TiO2-ZnO oxide systems using the hydrothermal method,
supported by an additional calcination process. Diffractograms showed that the materials obtained
after the hydrothermal treatment had an amorphous structure, whereas the TiO2-ZnO oxide systems
that had been calcined at 600, 700 and 900 ◦C showed the presence of diffraction reflections
characteristic for the crystal structure of anatase (600, 700 ◦C), rutile (700, 900 ◦C), wurtzite, Zn2TiO8,
Zn2TiO4 and ZnTiO3. To determine the temperature of transformation of specific crystal structures,
differential thermal analysis (DTA) was conducted. It was proved that the endothermic peaks at 140,
250, 800 and 940 ◦C were associated with, respectively, ammonia decomposition, the transformation of
Zn2TiO8 to ZnTiO3 and rutile, and the transformation of ZnTiO3 to Zn2TiO4 and rutile. Furthermore,
two exothermic peaks were observed at 560 and 690 ◦C, indicating the creation of a Zn2TiO8 form and
the formation of ZnTiO3 and rutile.

The microwave hydrothermal method is a recently developed technique to prepare binary
materials in very short times. The advantages of this process over the conventional hydrothermal
method include extremely rapid kinetics of crystallization, very rapid heating to the treatment
temperature, and the possible formation of new metastable phases [80,81]. Ashok, Venkateswara
and Rao [65] developed a methodology for producing a TiO2-ZnO oxide system with the use of the
hydrothermal method supported by the action of microwaves. In the first stage of the synthesis, a zinc
acetate solution was added to titanium tetraisopropoxide, and then the mixture was alkalized with
NaOH. The product was subjected to the action of microwaves for 5 min at 180 ◦C, using a frequency
of 2.45 GHz. In the final step, the resulting oxide system underwent a calcination process in air at
temperatures of 500 and 600 ◦C. X-ray analysis showed the presence of diffraction peaks corresponding
to the crystal structure of anatase, wurtzite, and the zinc titanates (ZnTiO3 and Zn2Ti3O4). Images
obtained by the SEM technique see (Figure 3) showed the TiO2-ZnO oxide systems to contain spherical
particles with a tendency to agglomerate, irrespective of the temperature of thermal treatment.

Figure 3. SEM images of a TiO2-ZnO oxide system subjected to calcination at temperatures of (a) 500 ◦C
and (b) 600 ◦C (created based on [65] with permission from Elsevier Publisher).

The synthesis of multi-component systems, despite its many advantages, such as the possibility
of obtaining products with very good functional properties, is associated with certain problems,
such as the need to optimize the process to obtain the best possible properties with substrates in
given proportions. For this purpose, Divy et al. [66] used a combined method (a microwave-assisted
hydrothermal process) to produce a TiO2-ZnO oxide system, which was then used as a matrix for
a TiO2-ZnO-GO-Ag multi-component system. The matrix must have strictly defined parameters to
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produce a multi-component system with high photoactivity. For this reason, the synthesized TiO2-ZnO
oxide system was analyzed with the use of techniques including XRD and BET. Diffractograms
showed the presence of characteristic reflections for anatase and wurtzite. From low-temperature
nitrogen sorption isotherms, the BET surface area was calculated to be 290 m2/g, the pore diameter
3.4 nm, and the pore volume 0.32 cm3/g. Because of the theoretically high photocatalytic activity
of each component of the TiO2-ZnO-GO-Ag hybrid system, it was tested in the degradation of a
model solution of rhodamine B (C.I. Basic Violet 10). The multi-component system exhibited high
photoactivity (complete degradation of the dye after 60 min). It also demonstrated high stability,
and could be used repeatedly over at least 5 catalytic cycles.

In the next part of this review a survey will be made of work on TiO2-ZrO2 binary systems,
synthesized—like the materials discussed in this section—using a hydrothermal process (for review
see Table 2).

In recent years, due to the increased emphasis on environmental protection, interest has grown in
the use of biomass as a renewable source of fuel and organic chemicals, where fast or flash pyrolysis is
used to produce bio-oils. In a study by Leahy [82], a TiO2-ZrO2 oxide material was obtained with the
characteristic crystal structures of TiO2 and ZrO2. A scanning and transmission electron microscope
(SEM and TEM) images (Figure 4) showed the deposition on nanorods of commercial TiO2 of ZrO2

particles with a diameter of approximately 20 nm. To enable the use of the synthesized oxide systems
in the esterification of levulinic acid, surface modification with sulfate groups (SO4

2−) was carried out.
In tests of the extraction process, the TiO2-ZrO2 system attained a high yield of 70% (for a reaction
taking place at 80 ◦C).

Figure 4. TEM images of (a) TiO2; (b) TiO2-ZrO2; HRTEM images of (c) TiO2 and (d) TiO2-ZrO2

(created based on [82] with permission from Elsevier Publisher).
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Semiconductors such as titania are very important materials with potential uses in diverse
applications. A significant property of semiconductors is their electron gap [91], because a prerequisite
for an efficient photocatalyst is that the redox potential for the evolution of hydrogen should lie within
the band gap of the semiconductor. Tomar and Chakrabarty [83] described the synthesis of TiO2-ZrO2

oxide systems and determined their band gap energies. To obtain the oxide material, titanium
tetraisopropoxide was mixed with zirconium tetraisopropoxide in the molar ratios TiO2:ZrO2 = 10:90,
30:70, 40:60, 60:40, 70:30 and 90:10, and the resulting reaction mixture was subjected to hydrothermal
treatment at 240 ◦C for 24 h. The obtained materials were further enhanced by calcination at 450 ◦C for
4 h. Diffractograms revealed the crystal structures of anatase, rutile, and monoclinic and tetragonal
ZrO2. The molar ratio used was found to affect the crystal structure: with an increase in the zirconia
content, the diffractions peaks corresponding to ZrO2 became more intense. SEM images showed the
particles to have a spherical shape. The band gaps, determined by the technique of UV-Vis spectroscopy,
were measured at 2.48, 1.72, 1.34, 1.7, 1.49 and 1.49 eV respectively for the oxide systems synthesized
in the molar ratios TiO2:ZrO2 = 10:90, 30:70, 40:60, 60:40, 70:30 and 90:10.

Kubo et al. [84] described the effect of a calcination process on the physico-chemical properties
of a TiO2-ZrO2 oxide system, using zirconium tetraisopropoxide and titanium tetraisopropoxide.
In the first stage, the precursors of TiO2 and ZrO2 were mixed in the molar ratios Zr:Ti = 1:0, 9:1, 6:1
and 3:1, and then underwent hydrothermal treatment at 300 ◦C for 2 h in a nitrogen atmosphere.
After this process, the materials were subjected to additional calcination at 500 and 800 ◦C. X-ray
diffraction analysis showed the presence of characteristic reflections for the crystal structure of
tetragonal ZrO2. SEM images showed the synthesized materials to contain particles of spherical
shape with a tendency to agglomerate. The effect of fusion of particles was also observed for the
materials that had undergone thermal treatment (calcination). Low-temperature nitrogen sorption
measurements gave BET surface areas of 200 and 80 m2/g respectively for the systems calcined at
500 and 800 ◦C. The conclusion of morphological and pore structure analysis was that an increase in
calcination temperature caused a decrease in BET surface area.

Many literature reports indicate the high photocatalytic activity of zirconia in the degradation of
dyes such as methylene blue [92–94]. Hirano et al. [85] developed a simple hydrothermal synthesis
of TiO2-ZrO2 binary oxide systems using titanium(IV) sulphate(VI) and zirconium sulphate(VI).
Wide-ranging physico-chemical analysis confirmed the hydrothermal method as an effective process
for the synthesis of binary oxide systems with defined crystallinity and morphology. The reported
results indicate the presence of the crystal structure of anatase and monoclinic ZrO2. Transmission
electron microscope images (Figure 5) showed that the particles of the TiO2-ZrO2 system had an
almost spherical shape. In view of the presence of anatase and tetragonal ZrO2 in the synthesized
material, an attempt was made to use the binary system in the process of degradation of methylene
blue (C.I. Basic Blue 9). The TiO2-ZrO2 systems exhibited greater photocatalytic activity than the pure
mono-oxides. The highest photoactivity in the degradation of the dye was achieved by the material
obtained in the molar ratio TiO2:ZrO2 = 90:10.

Figure 5. TEM images of the oxide system 90%TiO2-10%ZrO2 (created based on [85] with permission
from Elsevier Publisher).
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At present the main focus in the field of DSSCs is the development of a photoanode that can
efficiently harvest light [95]. Increased dye pickup, light scattering ability, reduced recombination
reaction and improved charge transport ability are parameters that need to be engineered for high
conversion efficiency. The properties of titania make it one of the most important DSSC photoanode
materials. Tomar et al. [86] worked on a DSSC using a TiO2-ZrO2 system as the anode. In testing of the
cell, the binary oxide material demonstrated a higher energy conversion efficiency (η = 1.97%) and fill
factor (FF = 0.256) than pure TiO2 (η = 0.71%, FF = 0.061).

Yao et al. [87]—similarly to Hirano et al. [85]—described the use of a TiO2-ZrO2 oxide system in the
process of photodegradation of methylene blue (C.I. Basic Blue 9). The material obtained in their study
had a similar crystal structure to that described in [85]. SEM images revealed hollow microspheres of
TiO2-ZrO2—this is closely linked to the high BET surface area of the material, which was determined
from nitrogen adsorption/desorption isotherms to be 224 m2/g. Finally, the photocatalytic properties
of the obtained binary material were tested in the degradation of methylene blue (C.I. Basic Blue 9).
Use of the material led to a high level of degradation of the dye, reaching 99% after exposure to light
for 60 min.

Caillot et al. [88] described the use of a synthesized TiO2-ZrO2 binary oxide system as an effective
adsorbent of NH3 and SO2. The use of titanium(IV) and zirconium(IV) chlorides, and hydrothermal
treatment at 220 ◦C, led to an amorphous structure. The absence of a defined crystal structure is linked
to the high BET surface area (209 m2/g) and the unspecific particle shape. Results of energy-dispersive
X-ray spectroscopy (EDX) indicated that the synthesized material contained 35% of zirconia and 65%
of titania. Adsorption tests showed the material to have high adsorption capacities with respect to
both NH3 and SO2; the values obtained were 573 μmol/g for NH3 and 414 μmol/g for SO2.

Ueda et al. [89] described the use of a titanium dioxide zirconium dioxide system to form bioinert
foils. The synthesis of the material included hydrothermal treatment at 180 ◦C for 12 h. To enable
use of the obtained materials in biological processes, the surface was modified using lactic acid.
It was observed that while pure TiO2 had a high propensity to proliferate MC3T3-E1 cells (MC3T3
is an osteoblast precursor cell line derived from Mus musculus (mouse) calvaria), the synthesized
oxide material showed a good ability to suppress proliferation of the cells, caused by a change in
the surface morphology (increased roughness), which has a direct impact on the cell reproduction
process. The experiment shows that the synthesized TiO2-ZrO2 material may be used for the purpose
of slowing down osteointegration. The researchers also carried out a wide-ranging physico-chemical
analysis to determine the morphological and crystal structure of the material. The synthesized binary
oxide materials were found to contain the crystal structures of TiO2 and ZrO2, with the formation of a
thin layer of ZrO2 on the surface of the TiO2.

Kim et al. [90] synthesized a TiO2-ZrO2 system for use in a DSSC. In the first stage, the material
was synthesized with the use of hydrothermal treatment at 260 ◦C for 12 h. X-ray diffractograms
showed the presence of characteristic peaks for the anatase structure. The synthesized material was
then used to prepare paste electrodes. Analysis of the porous structure of the electrode material
showed it to have a BET surface area of 40.6 m2/g, a pore volume of 0.18 cm3/g and a pore diameter
of 5.7 nm. In electrochemical tests, the material exhibited a high energy conversion efficiency of 2.88%,
compared with 0.09% for commercial TiO2 (P25).

The next part of this review will contain a survey of the literature on the synthesis and potential
applications of TiO2-MoS2 hybrid systems (Table 3).
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Indoles are among the most versatile and common nitrogen-based heterocyclic scaffolds and are
frequently used in the synthesis of various organic compounds [106,107]. Indole-based compounds
are very important among heterocyclic structures due to their biological and pharmaceutical activity.
However, in order to improve their properties, it is necessary to modify them. Wang et al. [33]
described a simple modification of indoles by thiocyanation, using a synthesized TiO2-MoS2 hybrid
as a photocatalyst. Physico-chemical and structural analysis of this hybrid indicated a defined
crystal structure and morphology. X-ray diffraction analysis showed the presence of reflections
corresponding to the crystal structure of anatase TiO2 and MoS2. TEM images showed a layered
structure of molybdenum disulfide with evenly distributed particles of titanium dioxide on the surface.
Thiocyanation of indoles was carried out in a photocatalytic process, in which high yields were
obtained. The highest photocatalytic activity (93%) was observed for the material synthesized in the
molar ratio TiO2:MoS2 = 10:1.

Zhu et al. [34] synthesized a hybrid system containing the crystal structures of TiO2 and MoS2.
Images obtained by scanning and transmission electron microscopy showed TiO2 particles uniformly
distributed on the surface of the MoS2. Cyclic voltammetry curves showed the TiO2-MoS2 hybrid
to have good electrochemical properties, with charge and discharge capacities at a current density
of 100 mA/g equal to 643 and 827 mAh/g respectively in the first cycle, and 643 and 674 mAh/g in
the second cycle. The capacity of the material also remained very stable over 100 subsequent cycles.
It was concluded that the addition of anatase improved the electrochemical properties by facilitating
the transport of electrons and ions during charging and discharging.

Ren et al. [96] used the hydrothermal method to obtain a TiO2-MoS2 hybrid material with
strictly defined photoelectrochemical properties. Measurements showed the hybrids to have superior
electrochemical properties to those of pure TiO2 or MoS2. The hybrid synthesized in the molar
ratio TiO2:MoS2 = 20:1 had a photocurrent density of 33 μA/cm2 (compared with 8 μA/cm2 for
TiO2). Photoelectrochemical results demonstrated a synergy effect between the titanium dioxide and
molybdenum disulfide. A wide-ranging analysis of physico-chemical properties was also performed.
The synthesized materials produced diffractions peaks corresponding to anatase and 2H-MoS2. For the
hybrid obtained in the molar ratio TiO2:MoS2 = 20:1, the BET surface area was measured at 48.2 m2/g
and the pore diameter at 7 nm. Morphological analysis confirmed that the particles of molybdenum
disulfide were coated with particles of titanium dioxide.

Molybdenum disulfide photocatalysts are attracting wide attention as they offer a suitable band
gap for visible-light harvesting, making the compound a promising earth-abundant photocatalyst
for hydrogen production, environmental remediation, and photosynthesis [108,109]. A team of
researchers [97] developed a two-stage method for obtaining active TiO2-MoS2 photocatalysts by
hydrothermal synthesis. X-ray diffractograms revealed the crystal structure of TiO2 (for all of the
materials) and MoS2 (only for the systems formed in the molar ratio Mo:Ti = 7.5%). The BET surface
area was measured at 86, 87, 98 and 92 m2/g respectively for the systems with molar ratios Mo:Ti = 1%,
2.5%, 5% and 7.5%, and the respective band gaps were determined to be 3.15, 3.14, 3.1 and 2.97 eV.
The synthesized TiO2-MoS2 hybrids were tested in a process of photodegradation of methylene blue
(C.I. Basic Blue 9), and analysis of their photocatalytic activity showed that they produced high yields
of degradation of the dye. For the system with Mo:Ti = 7.5% the solution was completely decolored
after 60 min, indicating a tripling in the efficiency of photodegradation of the organic pollutant
compared with pure TiO2.

Liu et al. [98] described the synthesis of multifunctional TiO2-MoS2 hybrids with photoelectrochemical
and photocatalytic properties. The substances used as precursors of TiO2 and MoS2 were commercial
titanium dioxide (P25 Evonik) and sodium molybdenate. These were mixed to obtain the mass ratios
TiO2:MoS2 = 80:20, 60:40, 40:60 and 20:80. The systems then underwent hydrothermal processing at
180 ◦C for 24 h. X-ray diffractograms contained characteristic peaks for TiO2, Ti6O11 and MoS2.
SEM images (Figure 6) showed that spherical particles of titanium dioxide were deposited on
nanofibers of molybdenum disulfide. For the resulting systems, a determination was made of their
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photoelectrochemical properties and photocatalytic activity in the removal of rhodamine B (C.I. Basic
Violet 10). The TiO2-MoS2 hybrid system with the mass ratio TiO2:MoS2 = 60:40 exhibited high
photocurrent density (12.5 μA/cm2). An increase in the content of molybdenum disulfide in the hybrid
system led to a deterioration of its photoelectrochemical properties. In the photocatalytic degradation
of rhodamine B, the highest photocatalytic activity was exhibited by the system with the mass ratio
TiO2:MoS2 = 60:40. Complete decoloration of the dye solution was observed after 90 min.

Figure 6. SEM images of TiO2-MoS2 hybrid systems with MoS2 contents of (a,b) 20%; (c,d) 40%;
(e,f) 60%; and (g,h) 80% (created based on [98] with permission from Elsevier Publisher).

Zhang et al. [99] described the use of TiO2-MoS2 binary hybrids in the photocatalytic degradation
of methyl orange (C.I. Basic Orange 10). In the first stage, a two-step hydrothermal method was
used to synthesize the aforementioned materials. TiO2 nanoparticles were formed by a sonication
method. Molybdenum disulfide was then added to the TiO2, and the resulting mixture was subjected
to hydrothermal treatment at 140 ◦C for 3 h. Unlike other previously described hybrids, the material
obtained in this study was found to contain the crystal structure of anatase, ilsemanite and molybdenite.
Scanning electron microscope images showed that spherical particles of titanium dioxide were
deposited on MoS2 nanofibers. In photodegradation tests, the TiO2-MoS2 hybrid system exhibited
high photocatalytic efficiency in the decomposition of a model dye solution after 60 min.

Yang et al. [100] synthesized a hybrid system based on TiO2 and MoS2 using a hydrothermal
method, with the aim of testing the resulting materials in a process of reduction of Cr(VI).
In the first stage of synthesis, titanium dioxide was obtained from titanium in an anodic process.
Next, thioacetamide and sodium molybdenate were dissolved in deionized water, the obtained
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titanium dioxide was added, and hydrothermal treatment was carried out at 220 ◦C for 24 h. X-ray
diffractograms showed the synthesized materials to have the crystal structure of anatase and hexagonal
MoS2. SEM images revealed hollow TiO2 nanotubes in which MoS2 particles were deposited.
Photoelectrochemical tests demonstrated that the addition of MoS2 to the TiO2 structure reduced
its resistance, leading to an improvement in the transport of electrons in the catalyst. A high yield
of Cr(VI) reduction was obtained using the TiO2-MoS2 hybrid system, with a rate of reduction of
103.9 mg/L·min·cm2 at 0.1 V. Tests of the stability of the reaction process showed that the process
efficiency did not deteriorate over five consecutive cycles.

Phenol and its derivatives have been used in many industrial processes, including the production
of dyes, polymers and medicines. Due to their high production volumes and widespread application,
phenols and their derivatives are released into the environment from industrial and municipal
liquid wastes [110,111]. This is particularly undesirable, since phenols pose a serious hazard due to
their hematotoxic and hepatotoxic actions [112]. Wang et al. [101] described the use of synthesized
TiO2-MoS2 hybrid systems in the process of photodegradation of phenol. At the first stage, hollow
spheres of TiO2 were obtained [108,109]. Next, sodium molybdenate was added in the molar ratios
TiO2:Na2MoO4 = 30:135 (sample TM3), 60:135 (sample TM6), 90:135 (sample TM9) and 120:135 (sample
TM12). Diffractograms obtained for the TiO2-MoS2 materials contained characteristic peaks for
the crystal structure of anatase TiO2 and rhombohedral MoS2. The anatase structure became less
visible as the MoS2 content increased. Scanning electron microscope images (see Figure 7) showed
particles of titanium dioxide with close to spherical shapes, hollow inside, with diameters of 600 nm,
coated with a layer of molybdenum disulfide. The synthesized materials were tested in a process of
photocatalytic degradation of phenol. The hybrids exhibited good photocatalytic properties: the yield
of phenol degradation was 78% after 150 min in the presence of the system obtained in the mass ratio
TiO2:Na2MoO4 = 90:135. Tests of photocatalytic stability showed that the photoactivity of this material
did not decrease significantly over four consecutive catalytic cycles.

Figure 7. SEM images of (a) TiO2; (b) MoS2; (c) TM3; (d) TM6; (e) TM9 and (f) TM12 (created based
on [101] with permission from Elsevier Publisher).

Bai et al. [104] were the first to report the combination of exfoliated MoS2 with TiO2 nanoparticles
and the use of the resulting material in a photocatalytic process. To establish whether the materials
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could be successfully used as active photocatalysts, a comprehensive physico-chemical analysis was
carried out. Recorded diffraction peaks corresponding to the crystal structure of TiO2 (anatase) and
MoS2. Morphological parameters were investigated by the SEM and TEM techniques. The resulting
images showed the particles of molybdenum disulfide to be densely covered with particles of
titanium dioxide. Distances between layers were measured at 0.27 nm and 0.35 nm, which confirmed
the presence of the structure of MoS2 and TiO2 nanocrystals. In tests of photocatalytic activity
in the decomposition of rhodamine B (C.I. Basic Violet 10), 100% decomposition of the dye was
attained after exposure to light for 30 min in the presence of the TiO2(anatase)-MoS2(1T) hybrid
system, compared with 40% in the presence of the TiO2(anatase)-MoS2(2H) system. In addition,
the TiO2(anatase)-MoS2(1T) system catalysed the evolution of hydrogen at a rate of 2 mmol/g·h,
compared with 0.25 mmol/g·h for TiO2(anatase)-MoS2(2H) and 0.5 mmol/g·h for pure TiO2.

Photocatalytic evolution of H2 over semiconducting materials is regarded as one of the promising
solutions to the growing energy crisis, due to its potential application for clean hydrogen production
from water [109,113,114]. Yuan et al. [105] described the use of a single-stage hydrothermal process
to synthesize binary hybrid photocatalysts for the evolution of hydrogen. Photocatalytic hydrogen
evolution experiments were mainly carried out in a Pyrex glass cell with a top window connected
to a gas-closed system. The assessment of photocatalytic properties was carried out using 100 mg of
H2-evolving photocatalyst powder which was suspended in 100 cm3 of an aqueous solution containing
10% methanol in volume. The resulting materials led to high yields of hydrogen: the highest—
2200 μmol/g·h—was recorded for the system with a 0.5% MoS2 mass fraction (this is 36 times
higher than the yield obtained with pure TiO2). For comparison, TiO2-Pt, TiO2-Pd, TiO2-Rh, TiO2-Au
and TiO2-Ru were used as catalysts in the same process, giving yields of 1450, 1250 1000, 750 and
550 μmol/g·h respectively. Physico-chemical parameters were analysed by the XRD, TEM and
BET techniques. X-ray diffractograms contained characteristic peaks for the crystal structure of
anatase TiO2 and MoS2. Based on nitrogen sorption, a BET surface area of 105.6 m2/g was obtained.
Transmission electron microscope images showed interplanar distances of 0.19 nm, characteristic for
TiO2, and 0.62 nm, characteristic for hexagonal MoS2.

A comprehensive review of the literature concerning oxide systems containing titanium dioxide
together with zinc oxide or zirconium dioxide, or TiO2-MoS2 hybrid systems, synthesized by the
hydrothermal method confirms that by the suitable choice of process conditions (precursors, pH of the
reaction system, molar ratio of reagents, temperature of thermal treatment) it is possible to achieve
effective changes in the properties of the resulting materials. Appropriately selected process parameters
make it possible to design the physico-chemical properties of synthesized oxide and hybrid materials,
including particle shape and size, degree of crystallinity, phase and surface compositions, and porous
structure. Moreover, hydrothermally synthesized materials of TiO2-ZnO, TiO2-ZrO2 and TiO2-MoS2

type are finding a wide range of applications in bacterial and fungal degradation and as photocatalysts
in the decomposition of certain organic pollutants. Such systems are also used as electrode materials
in lithium-ion cells and dye-sensitized solar cells.

2.2. The Sol-Gel Method

The consistent development of technology has led to increased awareness of the importance of
chemical synthesis methods, particularly those involving the use of organic precursors. One of the
basic types of synthesis in which metallo-organic precursors are used to synthesize binary hybrid
systems is the sol-gel method [115–120]. In recent years many definitions of the sol-gel process have
been put forward, including that of Dislich and Hinz [121], which covers only multicomponent oxides.
According to the most popular and widespread definition, such a process is based on a hydrolysis
reaction of metallo-organic precursors of metals (usually alkoxides) in a reaction mixture [31,122–125].

A sol-gel process consists of several stages. In the first, a solution of metal alkoxides is mixed.
This is followed by a process of hydrolysis and condensation, after which a sol is obtained [126–132].
In the next stage, gelation takes place—that is, the sol is transformed into a gel. The final stage involves
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the removal of residues of the liquid phase via a drying process. A block diagram of the sol-gel process
appears in Figure 8 [133–137].

Figure 8. A block diagram of the sol-gel process (created based on [122] with permission from Springer).

Sol-gel processes may be used in many branches of industry; for example, in the production of
catalysts or catalyst supports [138], optical and electrical sensors [139], and implant coatings [139,140]
Recent reports concern the use of the sol-gel method in the process of immobilization of a wide range
of organic materials, including enzymes [141–144].

Compared with other conventional methods of synthesis, the sol-gel method has a number of
advantages which enable its use in a wide range of technological processes. Some of these advantages
are the ability to control the microstructure of the product, the use of low temperatures and the
resulting low energy costs, the high homogeneity of the product, the absence of a need for complex
apparatus, and the possibility of synthesizing new materials with designed properties [145,146].

The most significant drawbacks of the sol-gel process include the high costs of the metal precursors,
the need to use reagents of high purity, the absence of total control over the process (the evolution of
various oxides due to differences in the reactivity of the precursors), and the fusion of the product
during calcination [122,138,139].

The sol-gel method may be used to obtain oxide systems containing TiO2. Titanium dioxide,
because of its photocatalytic [147–149] and photoelectrochemical properties [150,151], represents an
interesting base for the production of multifunctional oxide systems. There has recently been a marked
growth in interest in such materials as TiO2-ZnO and TiO2-ZrO2 oxide systems, in view of the useful
properties of zinc oxide (photocatalytic, photoelectrochemical and photoluminescent) and zirconium
dioxide (photocatalytic and photoelectrochemical).

In Table 4, an overview is given of the current stage of knowledge concerning the synthesis of
TiO2-ZnO oxide systems using the sol-gel process.
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Stoyanova et al. investigated the effect of the type of precursor used, the TiO2:ZnO molar
ratio and the calcination temperature on the physico-chemical properties of TiO2-ZnO oxide systems
synthesized by the sol-gel method [1]. At the first stage, TiO2-ZnO systems were obtained using zinc
acetate (sample A) and zinc chloride (sample B) as the ZnO precursor, and titanium tetrachloride as the
precursor of TiO2. The TiO2:ZnO molar ratio was 90:10 (sample A) or 50:50 (sample B). The materials
prepared from zinc acetate were calcined at 500 ◦C for 6 h, and those made using zinc chloride were
calcined at 200, 400, 550 and 600 ◦C for 2 h. The diffractograms contained peaks corresponding
to anatase in sample A, and to anatase, rutile and zinc titanate in sample B. It was demonstrated
that the crystal structure of the final product was affected by the precursor type, the molar ratio of
the reagents and the temperature of thermal processing. SEM images showed that the synthesized
materials consisted of particles with a spherical shape and a marked tendency to agglomerate. Authors
applied the obtained materials in a process of photodegradation of malachite green (C.I. Basic Green
4). They also determined the antibacterial properties of the materials against the Gram-positive E. coli
(ATCC 25922). The results of the dye photodegradation experiment showed that both the material
obtained from zinc acetate and that made using zinc chloride exhibited high photocatalytic activity:
total degradation occurred after 40 min in the presence of sample B and after 170 min in the presence
of sample A. In the tests with E. coli, the TiO2-ZnO system obtained using zinc chloride demonstrated
100% antibacterial activity after 120 min, while the system made using zinc acetate achieved only a
30% yield in the same amount of time. Under UV light, it was found that the bacteria were removed
completely after 15 min in the presence of sample A and after 30 min in the presence of sample B.

In Section 2.1 it was described how a TiO2-ZnO system synthesized by the hydrothermal method
could be used in dye-sensitized solar cells [56]. Shanmugam et al. [152] also described the use
of a binary oxide system in a DSSC, but applied the sol-gel method of synthesis. Electrochemical
characterization of the cell showed it to have a current density of 13.1 mA/cm3 and a photoconversion
efficiency of 32% (in darkness). The maximum equivalent quantum efficiency (EQE) of the DSSC built
from a TiO2-ZnO oxide system was measured at 85%, compared with 67% for a cell based on TiO2 alone.

In recent years there have been reports concerning the potential use of non-toxic and inexpensive
titania nanoparticles for imparting multifunctional properties to various textile materials [166–168].
Chu et al. [153] described the effect of the addition of a titania-based binary material on the antistatic
properties of polyester fabrics. It was shown by physico-chemical analysis that the resulting materials
had good stability in water, and that the stability improved as the molar fraction of ZnO was increased.
SEM images of polyester fibres covered with TiO2-ZnO showed that the fabric was covered uniformly
by a layer of the oxide material. The best antistatic properties were exhibited by materials obtained
with TiO2:ZnO molar ratios of 5:5 and 7:3. Mechanical characterization of the materials showed that they
offered greater permeability to gases than pure TiO2 or ZnO. A whiteness quality test showed that the
white colouring of the obtained TiO2-ZnO systems was 10–30% lower than that of the reference samples.

Recent literature reports indicate that both titania [169,170] and zinc oxide [171] can be used as
anti-corrosion coatings. Yu et al. [154] presented a simple synthesis of TiO2-ZnO oxide systems using
the sol-gel method and described their properties as anti-corrosion coatings. In the first stage, TiO2

sol was obtained from titanium tetrabutoxide, ethanol, glacial acetic acid and water, and ZnO sol
from zinc acetate, diethylamine, ethanol and water. These sols were mixed together in the molar
ratios TiO2:ZnO = 0:1, 1:3, 1:1, 3:1, 1:0. The materials were applied to carbon steel using an immersion
technique. The steel with the oxide layer was then dried at 70 ◦C for 10 h. Finally the materials were
calcined at 350 and 500 ◦C for 2 h. The procedure was repeated two or four times to obtain coatings
consisting of two, four or eight layers. The carbon steel plates coated with oxide materials were
subjected to comprehensive physico-chemical analysis. The materials were shown to have the crystal
structure of Fe, TiO2, Fe3O4, Fe2O3 and ZnFe2O4. X-ray diffractograms contained peaks originating
from the iron present in the carbon steel. The material obtained at a TiO2:ZnO molar ratio of 1:0 was
characterized by an anatase crystal structure. For the product calcined at 500 ◦C the forms Fe3O4 and
Fe2O3 were observed, which indicates oxidation of the steel. SEM images showed that the materials
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calcined at 350 ◦C had numerous cracks, creating a non-uniform layer on the surface of the steel.
An increase in the ZnO content in the oxide system was found to improve the uniformity of the coating.
Potentiodynamic polarization curves were obtained to determine the anticorrosive properties of the
coatings: the results showed that significant protection against corrosion was provided in contact with
sea water. The best anticorrosive properties were obtained for the systems with TiO2:ZnO ratios of 1:1
and 1:3, thermally treated at 500 ◦C.

To obtain a specific crystal structure of materials synthesized by the sol-gel method, it is necessary
to carry out a calcination process. Many literature reports refer to the effect of calcination on
photocatalytic properties [172–174]. Wang et al. [155] conducted a simple synthesis of a TiO2-ZnO oxide
system using the sol-gel method and a calcination process. A TiO2 sol was obtained from titanium
tetrabutoxide, anhydrous ethanol and hydrochloric acid, and a ZnO sol was obtained from zinc acetate,
anhydrous ethanol and deionized water. Oxide systems were obtained by mixing the TiO2 and ZnO
sols at the molar ratios ZnO:TiO2 = 0.1:0.15, 0.2:0.25, 0.3:0.35. In the final stage the oxide materials were
calcined at 450, 480, 500, 550 and 600 ◦C for 1, 1.5, 2, 2.5 and 3 h. Since the physico-chemical properties
of titania-based materials determine their photocatalytic ability, analysis was performed using such
techniques as X-ray diffraction and scanning electron microscopy. The results of both XRD and SEM
indicate the formation of the crystalline structure of anatase and wurtzite, and the spherical shape
of the particles of the materials obtained. Their photocatalytic activity was evaluated with respect to
the photodegradation of methyl orange (C.I. Basic Orange 10). All of the materials exhibited good
degradation efficiency. The highest yield of dye degradation (93% after 5 h) was achieved by the
material obtained at a ZnO:TiO2 molar ratio of 0.2:0.25.

Due to the increase in the number of cars and the emission of harmful gases in city centers, it is
apparent that there is a need to remove pollutants such as nitrogen oxides (NOx). Many researchers,
such as Dalton et al. [175], Karapati et al. [176] and Todorova et al. [177], have reported the use of
titanium dioxide as an effective NOx photocatalyst. Giannakopoulou et al. [156] described the synthesis
of an effective binary oxide photocatalyst of nitrogen oxides using the sol-gel method. At the first stage
of synthesis, TiO2 sol was obtained by mixing titanium tetrabutoxide with anhydrous ethanol, nitric
acid and distilled water. The ZnO sol was produced using zinc acetate, ethylene glycol, glycerine,
TEA and anhydrous ethanol. The sols were mixed together at the molar ratios TiO2:ZnO = 100:0,
75:25, 50:50, 25:75 and 0:100. Thin foils of the resulting binary oxide photocatalysts were produced
using an immersion technique. The final step was calcination at 500 ◦C for 1 h. Analysis of X-ray
diffractograms showed that the TiO2:ZnO molar ratio affected the parameters of the crystal structure.
An increase in the ZnO content leads to the vanishing of the diffraction reflections characteristic of TiO2.
The oxide materials with TiO2:ZnO molar ratios of 100:0 and 75:25 contained a single diffraction peak
corresponding to anatase. When the ratio was 50:50 or 25:75 an amorphous structure was observed,
while the system with 100% ZnO had the crystal structure of wurtzite. A test of photocatalytic activity
showed that the highest activity in the oxidation of NOx was achieved by the materials obtained with
TiO2:ZnO molar ratios of 100:0 and 75:25. An increase in the content of ZnO led to a significant drop in
photocatalytic activity, possibly due to the weak crystallinity of the materials obtained.

The surface wettability of a material is one of the properties that determine its potential
applications. Chen et al. [157] reported the synthesis of a superhydrophilic TiO2-ZnO oxide system in
the form of a thin foil. It was produced using a TiO2 sol made from titanium tetrabutoxide, anhydrous
ethanol, diethylamine (DEA) and nitric acid, and a ZnO sol obtained using zinc acetate, anhydrous
ethanol and DEA. The precursor solutions were mixed together in the molar ratios TiO2:ZnO = 90:10,
80:20, 70:30, 60:40, and then underwent calcination at 500 ◦C for 30 min. The results relating to the
crystal structure were similar to those reported by Giannakopoulou et al. [156]. An increase in the
molar fraction of ZnO led to the vanishing of the anatase structure, and in the case of the materials
with TiO2:ZnO ratios of 70:30 and 60:40, this resulted in the presence of an amorphous structure.
Atomic force microscope (AFM) images (Figure 9) showed that the obtained composite foils had a
microporous structure. Contact angle measurements showed all of the materials to be superhydrophilic,
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with contact angles in the range of 1.8–3.2◦ and diffusion of a drop of water on the surface of the
material within 800 ms. A test involving the photodegradation of methylene blue (C.I. Basic Blue 9)
showed that the addition of a small quantity (10%) of ZnO improved the material’s photocatalytic
activity: the degradation yield was 80% after exposure to light for 280 min.

Figure 9. AFM images of the oxide system (90)TiO2-(10)ZnO (created based on [157] with permission
from Elsevier Publisher).

Pournuroz et al. [158] analyzed the degradation of the dyes C.I. Reactive Red 195 (RR195) and
C.I. Reactive Blue 19 (RB19) in the presence of a TiO2-ZnO oxide system. In the synthesis process
sols of TiO2 and ZnO were obtained, which were mixed together in the molar ratio TiO2:ZnO = 10:3.
The resulting material exhibited high photocatalytic activity. Complete degradation of the RR195 and
RB19 dyes was observed after exposure to light for 40 and 60 min respectively, in the presence of the
synthesized material.

The sol-gel auto-combustion synthesis method (also called low-temperature self-combustion,
auto-ignition or self-propagation, as well as gel-thermal decomposition) combines the chemical sol-gel
and combustion processes [178,179]. This method has shown great potential in the preparation of
novel nanomaterials. Al-Mayman et al. [159] described the use of a sol-gel auto-ignition technique
to synthesize a TiO2-ZnO oxide system with defined photocatalytic properties. At the first stage,
TiO2 and ZnO precursors were dissolved in deionized water, and citric acid was added. The reaction
mixture was then heated to 100 ◦C to evaporate off water. The resulting gel was ignited by heating
to a temperature of approximately 300 ◦C. In the final stage, the TiO2-ZnO system was calcined in
air at 500 ◦C for 5 h. Materials were obtained with the general formula Ti1−xZnxO2, for x = 0%, 1%,
5%, 10%, 12% and 30%. Their diffractograms contained peaks corresponding to the crystal structure
of anatase. Microstructural and morphological analysis indicated particles with a spherical shape
and a marked tendency to agglomerate. The synthesized TO2-ZnO oxide materials had surface areas
of 52, 63.4, 69.9, 64 and 36.6 m2/g when the mass fraction of ZnO was 1%, 5%, 10%, 12% and 30%
respectively. The wide band gaps of titanium dioxide and zinc oxide make them promising materials
for applications in the process of photocatalytic hydrogen production. All of the obtained materials
were shown to be capable of evolving hydrogen under UV light. The highest yield was obtained from
the material with the formula Ti90Zn10O2 (1.048 mmol/h of hydrogen after 9 h of irradiation).

Zulkiflee and Hussin [160] investigated the effect of the temperature of thermal processing on the
physico-chemical properties of a TiO2-ZnO oxide system obtained by the sol-gel method. At the first
stage a TiO2 sol was obtained from titanium tetrabutoxide, acetic acid and butanol, and a ZnO sol from
zinc acetate, diethylamine and propan-2-ol. To obtain thin layers of the oxide material, glass plates were
immersed in the titanium dioxide sol and calcined at 400 ◦C. The plates were then immersed in ZnO
sol and calcined at 500 and 600 ◦C for 2 h. X-ray diffraction results showed that the materials obtained
had the crystal structure of anatase and wurtzite. Atomic force microscope (AFM) observations
demonstrated that an increase in the calcination temperature caused an increase in the roughness of
the material surface. The band gaps of the synthesized materials were measured at 3.6 and 3.7 eV for
the samples TiO2(400 ◦C)-ZnO(500 ◦C) and TiO2(400 ◦C)-ZnO(600 ◦C).

Prasannalakshmi and Shanmugam [161] used a TiO2-ZnO oxide system in the process of
photocatalytic degradation of brilliant green (C.I. Basic Green 1) and methylene blue (C.I. Basic Blue 9).
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In the first stage of the synthesis, a TiO2 sol was obtained by hydrolysis of titanium tetraisopropoxide,
and a ZnO sol was prepared from zinc acetate and 0.5 M sodium hydroxide. The sols were mixed
together in the molar ratios TiO2:ZnO = 0.5:0.25, 1:0.5, 1.5:0.75, 2:1, to produce samples labelled TZO1
TZO2, TZO3 and TZO4. The final stage of the process was calcination at 550 ◦C for 4 h. In analysis
of the crystal structure, all of the oxide systems gave diffraction reflections corresponding to anatase
and wurtzite. The XRD results were confirmed using HRTEM analysis. HRTEM images showed
distances between planes characteristic of (101) TiO2 and (101) ZnO. The surface areas, determined by
low-temperature nitrogen adsorption and calculated based on BET theory, were 74.7, 32.2, 12.58 and
8.82 m2/g for the samples TZO1 TZO2, TZO3 and TZO4 respectively. All of the synthesized materials
exhibited high photocatalytic activity, and each of the binary samples (TZO1, TZO2, TZO3, TZO4) had
superior photocatalytic properties to those of pure TiO2 or ZnO.

Materials such as titania [180,181] and zinc oxide [182] are successfully used for the construction of
p-silicon heterojunction photodiodes. Al-Hazami and Yakuphanoglu [162] used a binary combination
of these materials to build a p-type diode. A layer of the TiO2-ZnO oxide system was applied to a
prepared silicone base, after which the material was dried and then calcined in air at 450 ◦C for 1 h.
SEM results showed particles with a spherical shape with no tendency to agglomerate. The band
gap was measured at 3.41 eV. Photoelectrochemical tests showed that the p-type diode covered with
a thin foil of the TiO2-ZnO system had photovoltaic and photoconductive properties. Tests under
different luminous intensities confirmed a rapid reaction to changes in the studied parameters and
good process repeatability.

Taking account of the known antibacterial properties of titanium dioxide and zinc oxide,
Armin et al. [163] carried out a wide-ranging analysis of possible applications of a TiO2-ZnO binary
system. The obtained material was used in electrochemical, photocatalytic and antibacterial tests.
Dynamic potentiometric curves showed that TiO2-ZnO coatings offered high resistance at low currents.
The curves are contained within a very wide range of potentials, from −1.4 to 1.1 V. Based on the
measured parameters, a corrosion index was computed for coated and uncoated materials. The material
coated with TiO2-ZnO had a corrosion protection index of 98.6%, compared with only 82% for the
uncoated material. Antibacterial tests showed that the TiO2-ZnO material suppressed the growth of
populations of the organisms C. albicans (1.5·× 105) and E. coli (1.5·× 107). In an experiment involving
the photodegradation of methylene blue (C.I. Basic Blue 9), the TiO2-ZnO oxide system produced a
high yield of dye decomposition (70% after exposure to UV light for 6 h).

Chamanzadeh et al. [164] described the synthesis of a TiO2-ZnO oxide system with potential
applications in DSSCs. Similar properties of a TiO2-ZnO binary oxide material were reported by
Shanmugam et al. [152]. A DSSC was built using the commercial dye N719 (di-tetrabutylammonium
cis-bis(isothiocyanato) bis(2,2′-bipyridyl-4,4′-dicarboxylato) ruthenium(II)). Based on obtained
electrochemical curves it was shown that the ZnO layer improves adsorption of the dye and reduces
the electron recombination rate. It was also found that the materials offered high photovoltaic efficiency
(PCE = 8.3%) and charge accumulation at a level of 99% (for the material TiO2-(1)ZnO).

The combination of several catalytic techniques can provide greater possibilities of removing
dangerous contaminants. The observed improvement in catalytic activity may be linked to a synergy
effect, as has been widely described in literature [183–185]. The combination of techniques such as
photocatalysis and sonocatalysis can significantly improve the efficiency of degradation of organic
impurities using TiO2 [186,187]. Fatimah and Novirasari [165] described a simple synthesis of a binary
photoactive material based on titanium dioxide. A combination of different catalytic techniques was
studied with the aim of improving the catalytic properties. The material obtained was found to exhibit
high photoactivity. A synergy effect was observed between photocatalytic degradation (yield 47%)
and sonocatalytic degradation (yield 37%): the yield of phenol degradation in a sonophotocatalytic
process was as high as 99%.

The following part of this review will discuss binary oxide systems based on TiO2 and ZrO2,
again synthesized using the sol-gel method. A summary is given in Table 5.

73



Materials 2018, 11, 2295

T
a

b
le

5
.

R
es

ou
rc

es
,s

yn
th

es
is

co
nd

it
io

ns
an

d
ph

ys
ic

o-
ch

em
ic

al
pr

op
er

ti
es

of
Ti

O
2-

Z
rO

2
ox

id
e

sy
st

em
s

ob
ta

in
ed

by
th

e
so

l-
ge

lm
et

ho
d.

R
e
so

u
rc

e
s

S
y

n
th

e
si

s
C

o
n

d
it

io
n

s
P

h
y

si
co

-C
h

e
m

ic
a
l

P
ro

p
e
rt

ie
s

o
f

th
e

F
in

a
l

P
ro

d
u

ct
R

e
fe

re
n

ce
s

Ti
(O

C
4H

9)
4,

Z
rO

C
l 2
·8H

2O
,n

it
ri

c
ac

id
,

po
ly

et
hy

le
ne

gl
yc

ol
(P

EG
),

(P
EO

) 2
0(

PP
O

) 7
0(

PE
O

) 2
0

(P
lu

ro
ni

c
P1

23
,M

W
=

58
00

,A
ld

ri
ch

),
et

ha
no

l,
de

io
ni

ze
d

w
at

er

Ti
O

2-
Z

rO
2

ox
id

e
sy

st
em

:s
in

gl
e-

st
ep

sy
nt

he
si

s,
m

ix
ed

w
it

h
Ti

(C
4H

9)
4:

PE
G

:P
12

3
w

it
h

Z
rO

C
l 2
·8H

2O
(m

ol
ar

ra
ti

o
Ti

:Z
r

=
1:

0.
1)

,
ag

in
g:

24
h,

ca
lc

in
at

io
n:

80
0
◦ C

fo
r

5
h

cr
ys

ta
ls

tr
uc

tu
re

of
an

at
as

e,
te

tr
ag

on
al

zi
rc

on
ia

ru
ti

le
,B

ET
su

rf
ac

e
ar

ea
=

14
8.

9;
13

8.
5;

13
6.

9
m

2 /g
fo

r
Ti

O
2-

Z
rO

2(
P1

23
+

PE
G

);
Ti

O
2-

Z
rO

2(
PE

G
);

Ti
O

2-
Z

rO
2(

P1
23

)
[2

9]

Ti
[O

C
H

(C
H

3)
2]

4,
Z

r[
O

C
H

(C
H

3)
2]

4,
ni

tr
ic

ac
id

,
de

io
ni

ze
d

w
at

er

Ti
O

2-
Z

rO
2

ox
id

e
sy

st
em

s:
M

1
an

d
M

2
M

1:
Ti

0.
9Z

r 0
.1

O
2,

hy
dr

ol
ys

is
of

pr
ec

ur
so

rs
in

an
aq

ue
ou

s
en

vi
ro

nm
en

t
M

2:
Ti

0.
9Z

r 0
.1

O
2,

po
ly

m
er

iz
at

io
n

of
pr

ec
ur

so
rs

in
pr

op
an

-2
-o

l
dr

yi
ng

:1
00

◦ C
,

ca
lc

in
at

io
n:

35
0
◦ C

fo
r

2
h

cr
ys

ta
ls

tr
uc

tu
re

of
an

at
as

e
an

d
br

oo
ki

te
,R

am
an

sp
ec

tr
os

co
py

sh
ow

ed
an

at
as

e-
sp

ec
ifi

c
ba

nd
s,

BE
T

su
rf

ac
e

ar
ea

=
31

3
m

2 /g
(M

1)
;2

69
m

2 /g
(M

2)
[1

88
]

Ti
[O

C
H

(C
H

3)
2]

4,
Z

r[
O

C
H

(C
H

3)
2]

4,
am

m
on

ia
w

at
er

,p
ro

pa
n-

2-
ol

,d
is

ti
lle

d
w

at
er

Ti
O

2
so

l:
Ti

[O
C

H
(C

H
3)

2]
4,

pr
op

an
-2

-o
l,

am
m

on
ia

w
at

er
Z

rO
2

so
l:

Z
r[

O
C

H
(C

H
3)

2]
4,

pr
op

an
-2

-o
l,

am
m

on
ia

w
at

er
Ti

O
2-

Z
rO

2
ox

id
e

sy
st

em
s:

so
lw

as
m

ix
ed

w
it

h
Z

rO
2

in
a

m
ol

ar
fr

ac
ti

on
of

3%
,6

%
,1

3%
,3

7%
,

dr
yi

ng
:1

00
◦ C

fo
r

24
h,

ca
lc

in
at

io
n:

55
0,

70
0
◦ C

fo
r

5
h

cr
ys

ta
ls

tr
uc

tu
re

of
an

at
as

e
an

d
ru

ti
le

,s
ph

er
ic

al
pa

rt
ic

le
sh

ap
e

w
it

h
ag

gl
om

er
at

io
n,

BE
T

su
rf

ac
e

ar
ea

=
26

,3
7,

40
,1

72
m

2 /g
fo

r
m

at
er

ia
ls

ca
lc

in
ed

at
55

0
◦ C

an
d

26
,2

9,
30

,3
6

m
2 /g

fo
r

m
at

er
ia

ls
ca

lc
in

ed
at

70
0
◦ C

,f
or

sy
st

em
s

w
it

h
Z

rO
2

m
ol

ar
fr

ac
ti

on
s

3%
,6

%
,1

3%
,3

7%
re

sp
ec

ti
ve

ly

[1
89

]

Ti
[O

C
H

(C
H

3)
2]

4,
Z

r(
C

H
3C

O
O

) 2
·2H

2O
,

hy
dr

oc
hl

or
ic

ac
id

,h
yd

ro
xy

pr
op

yl
ce

llu
lo

se
,

de
io

ni
ze

d
w

at
er

Z
rO

2
so

l:
Z

r(
C

H
3C

O
O

) 2
·2H

2O
,

hy
dr

ox
yp

ro
py

lc
el

lu
lo

se
Ti

O
2

so
l:

Ti
[O

C
H

(C
H

3)
2]

4,
H

C
l,

w
at

er
Ti

O
2-

Z
rO

2:
th

e
so

lw
as

m
ix

ed
m

ai
nt

ai
ni

ng
th

e
ra

ti
o

Ti
:Z

r
=

0.
5:

0.
5,

dr
yi

ng
:1

50
◦ C

fo
r

1
h,

ca
lc

in
at

io
n:

30
0,

50
0,

70
0,

90
0
◦ C

fo
r

1
h

cr
ys

ta
ls

tr
uc

tu
re

of
an

at
as

e
an

d
zi

rc
on

iu
m

di
ox

id
e,

cr
ys

ta
lli

te
si

ze
5.

8
an

d
8.

5
nm

fo
r

ca
lc

in
at

io
n

te
m

pe
ra

tu
re

s
of

50
0
◦ C

an
d

90
0
◦ C

,p
ar

ti
cl

es
w

it
h

a
sp

he
ri

ca
ls

ha
pe

w
it

h
a

te
nd

en
cy

to
ag

gl
om

er
at

e

[1
90

]

Ti
[O

C
H

(C
H

3)
2]

4,
Z

r[
O

C
H

(C
H

3)
2]

4,
po

ly
(e

th
yl

en
e

ox
id

e)
,(

PE
O

) 2
0(

PP
O

) 7
0(

PE
O

) 2
0

(P
lu

ro
ni

c
P1

23
,

BA
SF

),
ac

et
yl

ac
et

on
e,

hy
dr

oc
hl

or
ic

ac
id

,d
ei

on
iz

ed
w

at
er

Ti
O

2
so

l:
Ti

[O
C

H
(C

H
3)

2]
4,

H
C

l,
w

at
er

Z
rO

2
so

l:
Z

r[
O

C
H

(C
H

3)
2]

4,
H

C
l,

w
at

er
Ti

O
2-

Z
rO

2:
th

e
so

lw
as

m
ix

ed
,

ag
in

g:
12

h,
ca

lc
in

at
io

n:
40

0,
50

0
◦ C

fo
r

2
h

cr
ys

ta
ls

tr
uc

tu
re

of
an

at
as

e,
in

co
rp

or
at

io
n

of
zi

rc
on

iu
m

di
ox

id
e

in
to

ti
ta

ni
a

ne
tw

or
k

fo
rm

in
g

Ti
1−

xZ
r x

O
2

w
it

h
an

at
as

e
cr

ys
ta

l
st

ru
ct

ur
e,

R
am

an
sp

ec
tr

os
co

py
sh

ow
ed

an
at

as
e

an
d

Z
rO

2
ch

ar
ac

te
ri

st
ic

ba
nd

s,
sp

he
ri

ca
ls

ha
pe

d
pa

rt
ic

le
s

de
ns

el
y

pa
ck

ed
w

it
h

di
am

et
er

10
–1

5
nm

[1
91

]

74



Materials 2018, 11, 2295

T
a

b
le

5
.

C
on

t.

R
e
so

u
rc

e
s

S
y

n
th

e
si

s
C

o
n

d
it

io
n

s
P

h
y

si
co

-C
h

e
m

ic
a
l

P
ro

p
e
rt

ie
s

o
f

th
e

F
in

a
l

P
ro

d
u

ct
R

e
fe

re
n

ce
s

Ti
[O

C
H

(C
H

3)
2]

4,
Z

r[
O

C
H

(C
H

3)
2]

4,
la

ur
am

in
e

hy
dr

oc
hl

or
id

e,
ac

et
yl

ac
et

on
e,

di
et

hy
la

m
in

e,
de

io
ni

ze
d

w
at

er

Ti
O

2-
Z

rO
2

ox
id

e
sy

st
em

:s
in

gl
e-

st
ep

sy
nt

he
si

s,
m

ix
ed

Ti
[O

C
H

(C
H

3)
2]

4,
Z

r[
O

C
H

(C
H

3)
2]

4
ac

et
yl

ac
et

on
e

an
d

la
ur

yl
am

in
e,

ag
in

g:
7

da
ys

,
ca

lc
in

at
io

n:
50

0–
90

0
◦ C

cr
ys

ta
ls

tr
uc

tu
re

of
an

at
as

e,
ru

ti
le

an
d

te
tr

ag
on

al
zi

rc
on

ia
,

pa
rt

ic
le

s
w

it
h

sp
he

ri
ca

ls
ha

pe
w

it
h

ag
gl

om
er

at
io

n
[2

7]

Ti
[O

C
H

(C
H

3)
2]

4,
Z

r[
O

C
H

(C
H

3)
2]

4,
ni

tr
ic

ac
id

,
et

ha
no

l,
de

io
ni

ze
d

w
at

er

Ti
O

2-
Z

rO
2:

on
e-

st
ag

e
sy

nt
he

si
s,

hy
dr

ol
ys

is
of

Ti
[O

C
H

(C
H

3)
2]

4,
Z

r[
O

C
H

(C
H

3)
2]

4
in

et
ha

no
l:w

at
er

Fo
ur

ie
r-

tr
an

sf
or

m
in

fr
ar

ed
sp

ec
tr

os
co

py
(F

T
IR

)s
pe

ct
ro

sc
op

y
sh

ow
ed

ba
nd

s
ch

ar
ac

te
ri

st
ic

fo
r

Ti
O

2
an

d
Z

rO
2,

di
st

an
ce

s
be

tw
ee

n
pl

an
es

3.
53

3
Å

[1
92

]

Ti
[O

C
H

(C
H

3)
2]

4,
Z

r[
O

C
H

(C
H

3)
2]

4,
di

et
hy

la
m

in
e

(D
EA

),
is

oe
ug

en
ol

(I
SO

H
),

pr
op

an
-1

-o
l,

de
io

ni
ze

d
w

at
er

Ti
O

2-
Z

rO
2

ox
id

e
sy

st
em

:o
ne

-s
ta

ge
sy

nt
he

si
s,

Ti
[O

C
H

(C
H

3)
2]

4,
Z

r[
O

C
H

(C
H

3)
2]

4
m

ix
ed

w
ith

a
ch

el
at

in
g

co
m

pl
ex

(d
ie

th
yl

am
in

e
or

is
oe

ug
en

ol
),

ca
lc

in
at

io
n:

50
0,

65
0
◦ C

in
ai

r
an

d
35

0,
40

0
◦ C

in
a

ni
tr

og
en

at
m

os
ph

er
e

am
or

ph
ou

s
st

ru
ct

ur
e

(m
at

er
ia

ls
ca

lc
in

ed
at

50
0
◦ C

),
cr

ys
ta

l
st

ru
ct

ur
e

of
an

at
as

e
an

d
rh

om
bi

c
Ti

O
2-

Z
rO

2
(m

at
er

ia
ls

ca
lc

in
ed

at
65

0
◦ C

),
BE

T
su

rf
ac

e
ar

ea
=

7.
8

m
2 /g

(T
iO

2-
Z

rO
2-

IS
O

H
)a

nd
8.

3
m

2 /g
(T

iO
2-

Z
rO

2-
D

EA
)f

or
sa

m
pl

es
ca

lc
in

ed
in

a
ni

tr
og

en
at

m
os

ph
er

e,
24

0
m

2 /g
(T

iO
2-

Z
rO

2-
IS

O
H

)a
nd

18
6

m
2 /g

(T
iO

2-
Z

rO
2-

D
EA

)f
or

sa
m

pl
es

ca
lc

in
ed

in
ai

r

[1
93

]

Ti
F 4

,Z
r(

N
O

3)
4,

an
od

ic
al

um
in

iu
m

ox
id

e
(A

A
O

),
et

ha
no

l,
su

lp
hu

ri
c

ac
id

,d
ei

on
iz

ed
w

at
er

Ti
O

2-
Z

rO
2

ox
id

e
sy

st
em

:s
in

gl
e-

st
ep

sy
nt

he
si

s,
A

A
O

w
as

im
m

er
se

d
in

Z
r(

N
O

3)
4,

dr
yi

ng
:8

0
◦ C

fo
r

1
h,

im
m

er
se

d
in

Ti
F 4

fo
r

9
m

in
,

ca
lc

in
at

io
n:

60
0
◦ C

fo
r

3
h

cr
ys

ta
ls

tr
uc

tu
re

of
an

at
as

e
an

d
m

on
oc

lin
ic

zi
rc

on
ia

,
na

no
tu

be
-s

ha
pe

d
pa

rt
ic

le
s

de
ns

el
y

pa
ck

ed
,B

ET
su

rf
ac

e
ar

ea
=

47
.4

m
2 /g

[2
6]

Ti
(O

C
4H

9)
4,

Z
r(

O
C

4H
9)

4,
bu

ta
n-

1-
ol

,a
m

m
on

iu
m

hy
dr

ox
id

e,
de

io
ni

ze
d

w
at

er

Ti
O

2-
Z

rO
2

ox
id

e
sy

st
em

:s
in

gl
e-

st
ep

sy
nt

he
si

s,
hy

dr
ol

ys
is

of
Ti

(O
C

4H
9)

4,
Z

r(
O

C
4H

9)
4

in
bu

ta
n-

1-
ol

:w
at

er
,a

m
m

on
iu

m
hy

dr
ox

id
e

w
as

ad
de

d
to

ne
ut

ra
liz

e
th

e
pH

,
dr

yi
ng

:1
20

◦ C
fo

r
12

h,
ca

lc
in

at
io

n:
50

0
◦ C

fo
r

12
h

cr
ys

ta
ls

tr
uc

tu
re

of
an

at
as

e,
m

on
oc

lin
ic

an
d

te
tr

ag
on

al
zi

rc
on

ia
,

R
am

an
sp

ec
tr

os
co

py
sh

ow
ed

an
at

as
e-

sp
ec

ifi
c

ba
nd

s,
BE

T
su

rf
ac

e
ar

ea
=

68
,6

2
an

d
60

m
2 /g

fo
r

sy
st

em
s

ob
ta

in
ed

at
m

ol
ar

ra
ti

o
Ti

O
2:

Z
rO

2
=

3:
1,

1:
1,

1:
3

[1
94

]

Ti
[O

C
H

(C
H

3)
2]

4,
Z

r[
O

C
H

(C
H

3)
2]

4,
et

ha
no

l,
de

io
ni

ze
d

w
at

er

Ti
O

2-
Z

rO
2:

si
ng

le
-s

te
p

sy
nt

he
si

s,
hy

dr
ol

ys
is

of
Ti

(O
C

4H
9)

4,
Z

r(
O

C
4H

9)
4

in
et

ha
no

l:w
at

er
,

dr
yi

ng
:1

00
◦ C

fo
r

6
h,

ca
lc

in
at

io
n:

55
0
◦ C

fo
r

2
h

cr
ys

ta
ls

tr
uc

tu
re

of
an

at
as

e,
m

on
oc

lin
ic

an
d

te
tr

ag
on

al
zi

rc
on

ia
,

sp
he

ri
ca

ls
ha

pe
d

pa
rt

ic
le

s
w

it
h

a
pr

on
ou

nc
ed

te
nd

en
cy

to
ag

gl
om

er
at

e,
BE

T
su

rf
ac

e
ar

ea
32

.5
,4

2.
5,

36
m

2 /g
fo

r
67

%
Ti

O
2-

33
%

Z
rO

2,
50

%
Ti

O
2-

50
%

Z
rO

2,
33

%
Ti

O
2-

67
%

Z
rO

2

[1
95

]

75



Materials 2018, 11, 2295

The use of polymer matrices such as the commercial Pluronic P123 or F127 (poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)—PEG-PPG-PEG) is becoming more
and more popular in the synthesis of titania-based materials [169–198]. Fan et al. [29] developed a
method of synthesizing a TiO2-ZrO2 oxide system using Pluronic123 (P123) and Macrogol20000 (PEG)
matrices. In the first stage, Pluronic P123 and Macrogol20000 were added to titanium tetrabutoxide.
Then a zirconium precursor was added to the mixture, to achieve the molar ratio Ti:Zr = 1:0.1.
The product underwent aging for 24 h at room temperature, and was then dried and calcined
at 800 ◦C for 5 h. Diffractograms showed characteristic peaks for anatase, rutile and tetragonal
zirconium dioxide. BET surface areas of 136.9, 138.5 and 148.9 m2/g were measured for the systems
TiO2-ZrO2(P123 + PEG), TiO2-ZrO2(PEG) and TiO2-ZrO2(P123) respectively. The synthesized oxide
materials were tested in the photodegradation of rhodamine B (C.I. Basic Violet 10) in UV light and
in darkness. The materials demonstrated high photocatalytic efficiency: 91.93%, 91% and 90% for
TiO2-ZrO2(P123 + PEG), TiO2-ZrO2(PEG) and TiO2-ZrO2(P123) respectively.

Environmental pollution by harmful organic compounds is a severe problem for both humans
and animals. Acetone is one of the most serious air pollutants in indoor environments, and its
catalytic decomposition to less harmful compounds is a problem of interest to many research centres
worldwide. Hernandez-Alonso et al. [188] obtained a TiO2-ZrO2 oxide system in the form of thin
films, which they tested for photocatalytic activity in the degradation of acetone. Two methods
of synthesis were investigated: sample M1, in which Ti0.9Zr0.1O2 was obtained by simultaneous
hydrolysis of titanium tetraisopropoxide and zirconium tetrapropoxide; and sample M2, in which
Ti0.9Zr0.1O2 was produced by polymerization of metal alkoxides in n-propanol. Thin layers of the
binary oxide materials may be used successfully to coat Raschig rings, for example, and applied in
various catalytic processes. The results of photo-oxidation of acetone confirmed the good photocatalytic
properties of the synthesized materials. The method of synthesis (M1 or M2) was not found to affect
the photocatalytic activity.

Kraleva et al. [189] described a simple method of obtaining a TiO2-ZrO2 oxide system using metal
alkoxides (titanium tetraisopropoxide and zirconium tetrapropoxide). In the first stage the TiO2 and
ZrO2 precursors underwent hydrolysis in a solution of propan-2-ol and ammonia, and the resulting
sols were subjected to aging for 24 h. The TiO2-ZrO2 system was formed by mixing the sols, with the
molar contribution of zirconium dioxide equal to 3, 6, 13 and 37 (the samples were denoted TiZrn,
where n was the molar contribution of ZrO2). The resulting systems were dried at 100 ◦C for 24 h,
and calcined at 550 and 700 ◦C for 5 h. The final binary oxide materials had a similar crystal structure
to those described in earlier work. X-ray diffractograms contained characteristic peaks for anatase and
rutile. For the system TiZr37 calcined at 700 ◦C, the presence of srilankite (Ti0.63Zr0.37Ox) was also
bserved. The calcination temperature was found to have a significant effect on the crystaline structure,
with anatase-rutile transformation at 700 ◦C. TEM images (Figure 10) showed particles with a spherical
shape, having a marked tendency to agglomerate.

Figure 10. HRTEM images of the oxide system TiZr6 calcined at 700 ◦C (created based on [189] with
permission from Springer).
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The BET surface areas of the TiO2-ZrO2 systems calcined at different temperatures were 26, 37, 40
and 172 m2/g for 550 ◦C and 26, 29, 30 and 36 m2/g for 700 ◦C, respectively for the systems denoted
TiZr3, TiZr6, TiZr13 and TiZr37. The calcination temperature was found to affect the porous structure
parameters: with an increase in temperature, the BET surface area decreased (this is related to the
effect of sintering).

Atmospheric pollution is one of the most urgent present-day problems. A priority task in the
synthesis of new nanomaterials is the possibility of controlling exhaust emissions. Titania-based
gas sensors for the quantitative detection of various toxic and harmful gases have been widely
developed in view of their high response, outstanding selectivity, excellent repeatability, and good
stability. Mohammadi and Fray [190] described the use of a system combining titanium dioxide and
zirconium dioxide in detecting nitrogen(IV) oxide and carbon(II) oxide. Results obtained for the
sensoric properties of the materials showed that the highest response to the applied concentrations of
NO2 (2 ppm) and CO (100 ppm) was given by the system that had been calcined at 500 ◦C (the response
was 9.1 for CO and 5.1 for NO2 at a temperature of 150 ◦C). Detailed analysis of the morphological and
crystal structures was carried out using SEM and XRD. In the crystalline structure analysis, diffraction
peaks for anatase and zirconium dioxide were obtained. Based on the X-ray analysis, the average
crystallite size was computed to be 5.8 nm (500 ◦C) and 8.5 nm (900 ◦C). The SEM images showed
particles with a spherical shape, having a marked tendency to agglomerate. The average particle size
was 20 nm (500 ◦C) and 36 nm (900 ◦C).

Naumenko et al. [191] described the synthesis of a TiO2-ZrO2 oxide system using a sol-gel
method, with titanium tetraisopropoxide and zirconium tetrapropoxide as precursors of the oxides.
The first stage of the synthesis was the hydrolysis of Ti[OCH(CH3)2]4 and Zr[OCH(CH3)2]4 in a
mixture of deionized water and hydrochloric acid. The prepared sols were then mixed, with the
Ti[OCH(CH3)2]4:Zr[OCH(CH3)2]4 molar ratio ranging from 1:0 to 0.7:0.3. The resulting materials
underwent aging for 12 h, and were then calcined at 400 and 500 ◦C in air. The products were found
to contain only the crystal structure of anatase. Detailed analysis of the results obtained for crystal
structure parameters showed a change in the parameters when the molar fraction of ZrO2 was 0.3,
with values of a = 3.82 Å, c = 9.726 Å (ASTM 84-1286: a = 3.7822 Å, c = 9.5023 Å). This may indicate
that the ZrO2 was incorporated into the TiO2 structure to form Ti1−xZrxO2. AFM images showed the
TiO2 particles to have diameters of 10–15 nm. An increase in the molar fraction of ZrO2 led to the
appearance of particles with diameter 20 nm.

It is well known that in order to obtain a binary oxide material based on titania with strictly
defined properties, it is necessary to choose appropriate synthesis conditions. Parameters such as the
molar ratio or the temperature of thermal treatment can have a decisive influence on the resulting
material. Kokporka et al. [27] investigated the effect of the molar ratio of the oxides and the temperature
of calcination on the physico-chemical properties of a TiO2-ZrO2 system. They also determined the
photocatalytic activity of the materials in the evolution of hydrogen. Diffractograms showed the
presence of characteristic peaks for the crystal structures of anatase and rutile. The crystal structure
parameters were found to be affected by the temperature of thermal treatment and by the molar ratio.
Scanning electron microscope images showed particles of spherical shape with a marked tendency to
agglomerate. The BET surface area, determined by low-temperature nitrogen sorption, was 130 m2/g
for the systems 0.95TiO2-0.05ZrO2 and 0.2TiO2-0.8ZrO2, and 190 m2/g for 0.4TiO2-0.6ZrO2 and
0.6TiO2-0.4ZrO2. In the tests of photocatalytic activity, high yields of hydrogen were obtained in
the presence of TiO2-ZrO2. The highest yield (0.61 mL/h·g) was obtained using the oxide system
0.95TiO2-0.05ZrO2 calcined at 800 ◦C.

Due to their high chemical and thermal stability, both Titania [199] and Zirconia [200] are used
as matrices for the application of nanoparticles. Karthika et al. [192] described an application of
a TiO2-ZrO2 binary material as a matrix for Sm3+ and CdS nanoparticles. TEM images showed a
crystallite size of 7.8 nm and an interplanar distance of 3.533 Å, which corresponds to the CdS (100)
plane. FTIR spectra contained bands for Ti–O–Ti at the wavenumber 440 cm−1, Zr–O–Ti at 663 cm−1
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and Zr–O–Zr at 841 cm−1. Optical absorption and emission spectra confirmed the presence of CdS
nanoparticles along with Sm3+ ions in the TiO2-ZrO2 matrices.

Due to the ever faster development of industry, it is necessary to obtain effective membranes
for gas separation processes, such as the separation of CO2 and purification of organic gases under
normal temperature and pressure conditions [201]. Therefore, interest in inexpensive inorganic
materials such as Titania [202] and zirconia [201,203] is increasing. Fukumato et al. [193] described
the use of the chelating complexes DEA and isoeugenol (ISOH) in the synthesis of a TiO2-ZrO2 oxide
system. The goal of the study was to obtain amorphous microporous membranes. The single-stage
synthesis involved the hydrolysis of titanium tetraisopropoxide and zirconium tetrapropoxide in a
water solution of propan-1-ol. Two forms of material were obtained: with the addition of diethylamine
(TiO2-ZrO2-DEA) and with the addition of isoeugenol (TiO2-ZrO2-ISOH). The synthesis product was
used to prepare a membrane on a base made from Al2O3 and SiO2-ZrO2. The final stage of the process
was calcination of the TiO2-ZrO2 system in membrane form at 500 and 600 ◦C in air and at 350 and
400 ◦C in a nitrogen atmosphere. The TiO2-ZrO2 membranes were tested for permeability to the gases
He, N2, CO2 and N2. The oxide systems calcined in air exhibited higher permeability than those
calcined in nitrogen. This is probably due to residues of the chelating compounds present in the
nitrogen-calcined systems. The permeabilities of the TiO2-ZrO2-ISOH membranes were higher than
those of the TiO2-ZrO2-DEA membranes, and were equal to 110, 48 and 50 [10−7 mol/m2·s·Pa] for He,
CO2 and N2 respectively. Figure 11 shows SEM images of the membrane.

Figure 11. SEM images of surface and cross-section views of a TiO2–ZrO2–ISOH membrane calcined at
350 ◦C under N2: (a) surface and cross-section views at 20,000×; (b) cross-section view at 200,000×
(created based on [193] with permission from Elsevier Publisher).

Anodized aluminium oxide (AAO), due to properties such as its nano-sized, self-organized,
hexagonal porous structure [204], is an interesting material as a substrate for titania-based materials.
Such materials can be used, for example, as sensors for hydrogen detection [204–206]. Qu et al. [26]
investigated the use of anodic aluminium oxide as a matrix to obtain a photoactive TiO2-ZrO2 oxide
system. In the first stage, AAO was immersed in zirconium nitrate for 12 h at 80 ◦C, after which it was
dried for 1 h at 80 ◦C. The ZrO2-grafted AAO was then immersed in TiF4 for 9 min at 60 ◦C. In the
final stage, the product was calcined in air for 3 h at 600 ◦C. Diffractograms showed the presence of
characteristic diffraction peaks for anatase and for monoclinic zirconium dioxide. SEM images showed
particles in the form of densely packed nanotubes with a tendency to agglomerate. Analysis of porous
structure parameters showed the BET surface area of the oxide system to be 47.4 m2/g. The band
gap of the system was measured at 3.22 eV. The synthesized material was tested as a catalyst in the
photodegradation of methyl orange (C.I. Basic Orange 10). A high yield of photodegradation of the
dye was obtained, amounting to 96% after 180 min, compared with 83% for TiO2 and 45% for ZrO2.

Another team of researchers [194] described the use of a TiO2-ZrO2 oxide system to obtained
hydroxymethylfufural (HMF) from biomass. HMF is a precursor of materials such as polyesters and
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polymers based on furfural, as well as diesel fuels [207,208]. The binary oxide system was obtained
in a single-stage sol-gel process, with the simultaneous hydrolysis of titanium tetrabutoxide and
zirconium tetrabutoxide. The material was then dried at 120 ◦C for 12 h and calcined at 500 ◦C for
12 h. Diffractograms showed the presence of peaks corresponding to the structures of anatase and
of monoclinic and tetragonal zirconium dioxide. When the molar fraction of ZrO2 was increased,
the anatase structure became less visible. Measurements of the porous structure parameters gave BET
surface areas of 68, 62 and 60 m2/g and pore volumes of 0.27, 0.18 and 0.13 cm3/g respectively for
the systems TiO2-ZrO2(3/1), TiO2-ZrO2(1/1) and TiO2-ZrO2(1/3). Tests of glucose conversion gave
yields of 72–86%, the main product being HMF; its maximum yield was obtained using the system
TiO2-ZrO2(1/1). The use of tetrahydrofuran (THF) as a co-solvent and NaCl as the aqueous phase
caused a tripling of the HMF conversion yield. The HMF yield varied depending on the co-catalysts:
Amberlyst 70 (85.6%) > Nafion NR50 (73.4%) > Cs3.5SiW (35.2%) > Cs2.5PW (31.8%).

One of the pollutants of greatest importance in drinking water treatment is humic acid [209].
Many attempts have been made to use low-pressure driven membrane systems for the removal of
the largest fractions of humic acid. The recently widely described photocatalytic membrane reactor
is an interesting alternative to conventional techniques [210–212]. Khan et al. [195] described the
synthesis of a TiO2-ZrO2 binary oxide system as an active photocatalyst for removing humic acid in
membrane reactors. The TiO2-ZrO2 system achieved 85% efficiency in the removal of total organic
carbon. The effect of double-positive ions (Ca2+) on the efficiency of the process was also investigated:
addition of these ions caused an increase in the efficiency of removal of total organic carbon, possibly
due to the reduced electrostatic repulsion between humic acid and the TiO2-ZrO2 system. The last
part of the study concerned the effect of UV radiation, which has oxidizing properties, on a PVDF
membrane placed in a reactor. FTIR spectra demonstrated that the structure of the PVDF membrane
did not undergo an oxidation process under irradiation with UV light.

Literature reports on the synthesis of TiO2-ZnO and TiO2-ZrO2 oxide systems by sol-gel routes
confirm that this technique provides the possibility of controlling the process through appropriate
selection of process conditions, and thus enables control of the physico-chemical properties of the
final product (well-defined particle size, crystal structure and surface activity). A suitable choice of
process conditions (applied reagents such as organic and inorganic precursors, solvent type, type
of hydrolysing and/or nucleating agents, molar ratio of oxides, pH of the reaction system, rate and
direction of reagent dosing, time and temperature of the process, conditions of final heat treatment,
etc.) can lead to oxide materials based on titanium dioxide together with zinc oxide or zirconium
dioxide with precisely designed structure and texture. This has a significant impact on the possible
applications of the produced systems in such fields as photocatalysis, electrochemistry and adsorption.

2.3. The Electrospinning Method

Another developing method of synthesis of oxide systems containing titanium dioxide is the
electrospinning method, which represents a continuation of research into electrosprays. The first
work on an electrospray was reported by Rayleigh, who observed that a droplet subjected to high
voltage disintegrates due to the potential gradient. This line of research was taken up by Zeylen and
Dole [213,214], who described droplets dissociated in an electric field to form an aerosol. The physical
principles behind the two processes are similar, the only difference being the form of the product
obtained: nanofibers in the case of electrospinning, and nanodroplets in the case of electrosprays.
The apparatus used to obtain nanofibers by electrospinning consists of a high voltage source in the
range 1–30 kV, a solution feeder (a syringe and needle), a pump and a collector [215–218]. Schematic
diagrams of vertical and horizontal electrospinning processes appear in Figure 12.
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Figure 12. Schematic diagrams of (a) vertical and (b) horizontal electrospinning processes (created
based on [219] with permission from Elsevier Publisher).

In electrospinning, a solution is placed in a syringe, and then a high voltage is applied to the
needle or nozzle, producing electrostatic forces which cause movement of the charges in the solution
towards the collector. A dosing pump, as well as exceeding of the critical value of the field intensity,
initiates the outward flow of the solution towards the collector. Under the influence of the applied
voltage, the liquid is stretched into a thin stream. As the stream falls, the solvent evaporates, and the
resulting nanofibers are accumulated on the collector [220–222].

As in the case of the other methods that we have described, such as the hydrothermal and sol-gel
methods, the parameters of the electrospinning process may affect the physico-chemical properties
of the final product [223–226]. Table 6 illustrates the process parameters impacting the result of
electrospinning, relating to the solution, the apparatus and the external environment.

Table 6. Process parameters affecting the electrospinning method.

Process Parameters

Solution Apparatus External Environment

type of solvent applied voltage temperature
concentration distance of nozzle from collector humidity

- diameter and length of nozzle -

The chief advantages of the electrospinning method include the relatively simple apparatus and
the fast production time. Another advantage of this method is the ability to produce nanofibers,
for both laboratory and industrial use. The greatest drawbacks, however, are the instability of the
stream, which affects the diameter of the resulting nanofibers, the fact that individual fibers may
stick together, and the need for the polymer used in electrospinning to be soluble in the reaction
medium [227–231].

Because of its advantages, electrospinning is becoming an interesting alternative method for
obtaining oxide systems containing titanium dioxide. There has recently been a marked increase in
interest in the use of electrospinning to produce oxide systems such as TiO2-ZnO and TiO2-ZrO2,
or TiO2-MoS2 hybrid systems.

In the next part of this review, a survey will be made of work in which TiO2-ZnO oxide systems
were obtained by the electrospinning method (Table 7).
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Ammonia is a useful chemical material, widely used in many industries. However, it is a
common material in industrial effluents and very dangerous to the environment and humans [239,240].
It attacks the respiratory system, skin, and eyes, and at a concentration higher than 300 ppm may lead
to death [241,242]. Therefore, it is necessary to develop new materials to detect this type of impurity.
Nanofibers possess favorable properties such as small diameters and large specific surface areas.
For gas sensors, surface area is one of the most important factors influencing sensing performance [243].
Wang et al. [232] described the use of the electrospinning method for the saturation of a binary
TiO2-ZnO material with sensory properties. The first stage was the preparation of a solution of
precursors of the oxides and acetic acid with the addition of poly(vinylpyrrolidone). The solution
was then transferred to a syringe pump and a voltage of +7 kV was applied. The spinning rate was
0.3 cm3/h. The oxide material was calcined at 500 ◦C for 3 h, and then immersed in a 0.1 mol/L
solution of FeCl3 for 30 min, dried, and subjected to the action of polypyrrole (PPy) for 5 h, to produce
the oxide system TiO2-ZnO-PPy. Analysis of XPS spectra showed the presence of Ti2p, O1s and Zn2p
bands. SEM images of the PPy-modified materials showed the oxide system to have the form of
black nanofibers with diameter 180 nm and lengths of several millimeters. The unmodified fibers
had a uniform smooth surface. TEM images showed the oxide material to have a core-shell structure,
where the thickness of the PPy shell was 7 nm. The TiO2-ZnO-PPy system was tested as an ammonia
sensor. It was found to have a fast response rate and a detection limit of 60 ppb. The results obtained
were probably influenced by the reduction of diffusion resistance caused by the porous PPy shell.

Park et al. [233] described a combination of the methods of electrospinning and atomic layer
deposition (ALD) in the synthesis of a TiO2-ZnO binary oxide system. In the first stage, TiO2 nanofibers
were obtained by electrospinning from a solution of titanium tetraisopropoxide and poly(vinyl acetate),
with an applied voltage of +10 kV and a constant spinning rate of 0.2 cm3/h. The resulting nanofibers
were calcined at 600 ◦C for 8 h. The TiO2 fibers were then coated with ZnO using the ALD method.
The number of ALD cycles was in the range 50–400. Diffractograms showed the TiO2-ZnO system to
contain the crystal structure of anatase and wurtzite. The HRTEM results were consistent with those of
XRD. SEM images showed that the increment in the ZnO layer per ALD cycle was 0.66 nm. Based on
EDS (Energy-dispersive X-ray spectroscopy) mapping a core-shell structure was demonstrated, with a
core of TiO2 and a shell of ZnO. As in the work of Wang et al. [232], the obtained TiO2-ZnO nanofibers
were tested as a chemical sensor. Park et al. [233] assessed the sensory properties of their product
using oxygen. It was found to have good properties for the detection of oxygen, and the sensor’s
response varied with changes in the oxygen concentration. The tested chemical sensor demonstrated
high stability and repeatability.

Surveys of the subject literature have already shown that binary oxide materials such as TiO2-ZnO
obtained by the hydrothermal method [62] and by the sol-gel method [156,161,163] have good
photocatalytic properties in the degradation of methylene blue (C.I. Basic Blue 9). Materials of
the same type synthesized by other methods can be expected to exhibit similar properties. A team
of researchers [234] described the synthesis of a TiO2-ZnO system by electrospinning and its use to
catalyze the photodegradation of C.I. Basic Blue 9. X-ray diffraction results showed the presence of
reflection corresponding to the structure of anatase, wurtzite and zinc titanate. From TEM images,
the mean particle diameter was determined to be 20 nm. Using low-temperature nitrogen sorption,
the BET surface area was measured at 203 m2/g and the pore volume at 0.24 cm3/g. The TiO2-ZnO
oxide system synthesized by electrospinning demonstrated high photocatalytic activity, at a similar
level to the same material produced using other methods.

Rhodamine B is widely used as a colorant in textiles and foodstuffs, and is also a well-known water
tracer fluorescent [244]. Many scientific studies have demonstrated the harmful effects of rhodamine
B on humans and the environment. Its carcinogenicity, reproductive and developmental toxicity,
neurotoxicity and chronic toxicity to humans and animals have been experimentally proven [245–247].
Due to the harmful effects of this material, it is necessary to develop new nanomaterials enabling
its effective degradation [248,249]. Liu et al. [235] used cellulose acetate as a matrix for the synthesis
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of TiO2-ZnO oxide systems with TiO2:ZnO mass ratios of 87.6:12.4, 84.2:15.8 and 77.9:22.1. XRD
results showed the presence of diffraction peaks corresponding to anatase, wurtzite and zinc titanate.
Based on TEM images, the interplanar distance was measured at 3.56 Å, corresponding to dimension
d of the (101) plane of the anatase crystal structure. XPS spectra showed the presence of Ti2p, Zn2p
and O1s bands. The obtained materials were used in the process of photodegradation of rhodamine B
(C.I. Basic Violet 10) and phenol. All of the oxide systems demonstrated higher photocatalytic activity
than pure TiO2. The highest photodegradation yield was obtained in the presence of the material
synthesized in the molar ratio TiO2:ZnO = 84.2:15.8. The researchers suggested that excessive ZnO
may restrict access to recombination sites, thus reducing the photocatalytic performance.

Kanjwal et al. [236] compared TiO2-ZnO binary oxide materials synthesized by the hydrothermal
and electrospinning methods. In the electrospinning process, vinyl acetate was dissolved in DMF,
and then titanium tetraisopropoxide, zinc oxide and acetic acid were added. The solution was
transferred to a syringe, and a voltage of +12 kV was applied. The material was dried at 80 ◦C for
24 h and calcined at 600 ◦C for 1 h. Hydrothermal synthesis was carried out at 150 ◦C for 1 h, using
nanofibers of TiO2 and zinc nitrate. Diffractograms revealed the characteristic crystal structures of
wurtzite (after electrospinning) and anatase (after hydrothermal synthesis). SEM and TEM images
showed that the electrospun oxide system consisted of nanofibers with a smooth surface, while in
the case of the material obtained hydrothermally, ZnO nanoparticles were observed on the TiO2

surface. Physico-chemical analysis of the binary oxide materials showed marked differences in their
morphological and crystal structure. Their photocatalytic properties were assessed in the degradation
of rhodamine B (C.I. Basic Violet 10). Both the electrospun and hydrothermally synthesized materials
demonstrated superior photocatalytic activity to pure TiO2 or ZnO. The hydrothermally treated
materials produced higher degradation yields (100% after 105 min of exposure to light) than the
electrospun materials; this may be linked to differences in the crystal structures of the oxide systems.

Today, various chemical pollutants such as dyes are attracting increased attention owing to
their significant effects on public health and the environment. The efficient degradation of this type
of pollution from wastewater is becoming an urgent and challenging problem. Many centers are
conducting research on the use of electrospinning for the synthesis of titania-based materials and their
use in wastewater photodegradation [250–252]. Li et al. [237] developed a synthesis process based on
electrospinning for a photocatalytic TiO2-ZnO oxide system. The resulting system demonstrated very
good photocatalytic properties in the degradation of rhodamine B (C.I. Basic Violet 10), producing a
higher degradation yield than pure TiO2 or ZnO. It also exhibited high photocatalytic stability over
five consecutive cycles. More detailed physico-chemical analysis was performed using the XRD, SEM
and TEM techniques. X-ray diffraction results demonstrated the presence of characteristic diffraction
peaks corresponding to anatase and wurtzite. The SEM and TEM images showed smooth nanofibers
consisting of single nanoparticles.

Araújo et al. [238] synthesized a TiO2-ZnO oxide material using the methods of electrospinning
and atomic layer deposition. In the first stage, a solution of TiO2 (P25) and poly(methacrylic
acid-co-methyl methacrylate) 1:1 block copolymer in ethanol was subjected to a constant voltage of
+15 kV for 5 min. Next, zinc acetate was dissolved in water and mixed for 15 min at 85 ◦C, after which
triethylamine was added and the mixture incubated for 3 h (solution 1). At the same time, zinc acetate
was dissolved in deionized water with the addition of hexamethyltetramine (solution 2). The obtained
TiO2 nanofibers were immersed in solution 1, dried at 120 ◦C for 1 h, then added to solution 2 and kept
at 85 ◦C for 24 h. The synthesized oxide material was calcined for one hour at 500 ◦C. Diffractograms
revealed the presence of characteristic reflections for the crystalline structure of anatase, rutile and
wurtzite. SEM images (Figure 13a–d) showed that the TiO2 nanofibers were coated with ZnO nanorods.
The EDX spectrum (Figure 13e–f) showed characteristic bands for Ti, O and Zn. The materials were
tested as a sensor for the detection of moisture. Materials with one and three layers of ZnO produced
a high response to changes in humidity. The three-layer material exhibited significantly greater
sensitivity in the humidity range 40–100%. It also demonstrated significantly better parameters in
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moisture detection than the sensors described in a previous study [253]. The researchers suggest that
the increase in ZnO content improves the porous structure, and thus increases the sensitivity [253].

Figure 13. Images of TiO2-ZnO oxide materials: (a,b) SEM for samples before calcination; (c,d) SEM
for calcined materials; (e) EDS mapping and (f) EDX spectrum (created based on [238] with permission
from Springer).

Table 8 contains a review of the literature concerning the synthesis of TiO2-ZrO2 oxide systems
using the electrospinning method.

Humidity is a very common component in our environment that can affect not only human life,
but also many industrial processes. Therefore, the measurement and control of humidity are of great
importance. The design of a successful humidity sensor is a complex process, as the material used
to build the sensor must offer properties including linear response, high sensitivity, fast response
time, chemical and physical stability, wide operating range and low cost. Su et al. [254] developed a
simple synthesis method involving electrospinning of a TiO2-ZrO2 oxide system with defined moisture
detection properties. The impedance was shown to differ by four orders of magnitude, from 105

to 101 kΩ, in the humidity range 11–97%, which indicates correct operation of the sensor. Good
repeatability was demonstrated for the obtained results, and the influence of temperature on the sensor
was shown to be small. To determine the physico-chemical characteristics of the sensor material,
analysis was performed using XRD, SEM and TEM. The XRD results indicated the crystal structure
of anatase and tetragonal zirconium dioxide. Based on the SEM images it was concluded that the
binary oxide material contained fibers originating from both ZrO2 and TiO2. The diameters of the
nanofibers were found to be in the range 240–400 nm in the case of ZrO2, and 60–200 nm in the case
of TiO2. Transmission electron microscopy results (Figure 14) showed the nanofibers to be built of
numerous small particles.

Figure 14. (a) SEM image and (b) TEM image of the TiO2-ZrO2 oxide system (created based on [254]
with permission from Elsevier Publisher).
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Recent years have seen a marked increase in interest in proton exchange membrane fuel cells
(PEMFCs). The development of the ionomer membrane is crucial for the reliability of such cells and
their high-volume commercialization. This type of membrane must attain a high proton conductivity
and a low gas permeability, offering at the same time high mechanical, chemical and thermal
stability, a low degree of deformation due to water absorption, and low costs of production so
that it can be used globally [256–258]. Lee et al. [255] described the use of a TiO2-ZrO2 binary oxide
system to prepare aquivion (KNF Neuberger GmbH) membrane for use in a single fuel cell. In the
course of comprehensive physico-chemical analysis, diffractograms were obtained which indicated
an amorphous structure for the material calcined at 500 ◦C, and the crystal structure of srilankite
(Ti0.5Zr0.5O2) for the oxide systems calcined at 700 and 1000 ◦C. In view of these results, further
analysis was carried out only on the material with an amorphous structure, since that material
had the highest specific surface area among the synthesized oxide systems. Based on SEM images,
the average fiber diameter was measured at 497 nm before calcination and 344 nm after calcination.
The synthesized TiO2-ZrO2 oxide system calcined at 500 ◦C was modified with 85% phosphoric acid
to increase its proton conductivity. The XPS spectrum before modification showed two bands at 530.35
and 532.8 eV, corresponding to O–M bonds (M = Ti, Zr) and O–H bonds. On the spectrum of the
modified material a new band appeared at 531.36 eV, originating from P–O bonds. The use of the
oxide material to build the membrane eliminated the effect of cracking, and the membrane modified
with phosphate groups showed improved proton conductivity compared with pure TiO2-ZrO2 and
aquivion. The composite membrane demonstrated good durability, as confirmed by the results of
accelerated lifetime (ALT) measurements.

The above review of the literature on the formation of TiO2-ZnO and TiO2-ZrO2 oxide systems
by the electrospinning method confirms that this is a new and promising method which leads to
the effective synthesis of materials in the form of nanofibers with defined chemical composition,
porosity, geometry and fiber dimensions. Moreover, the method does not place excessive limitations
on researchers. The sole problem is the selection of optimum process conditions, including the type
and concentration of solvent, temperature, solution viscosity, average molecular weight of polymer,
applied voltage, and flow rate. It has been shown that electrospun TiO2-ZnO and TiO2-ZrO2 fibers
may be used, among other things, as sensors for the detection of various types of gas, as photocatalysts
in the degradation of certain types of organic pollutants, and as membranes for the production of
fuel cells.

3. Conclusions

The literature review that has been presented here reflects the search for innovative combinations
of TiO2 with other materials, which may cause morphological changes in the crystalline phases of
titanium dioxide and changes in its electron structure, leading to—among other things—improvement
in its photocatalytic activity and spectral sensitivity. Studies being carried out at multiple research
centers worldwide are largely focused on the choice of appropriate methods for the synthesis or
modification of titanium dioxide, and on the selection of suitable components to be combined with
TiO2 to produce advanced multifunctional hybrid materials.

It is widely known that the physico-chemical as well as the morphological-structural properties
of materials based on titanium dioxide, such as particle shape and size, degree of crystallinity, surface
composition, pore size distribution, specific surface area, etc., are strongly dependent on the suitable
specification of synthesis conditions, such as the nature and composition of the precursors, solvent
and complexing/templating agent, and the conditions of hydrolysis and calcination. Suitably chosen
process conditions for the synthesis of oxide and hybrid materials based on TiO2 make it possible to
design their physico-chemical properties.

Issues relating to the creation of a new generation of modified forms of TiO2 are of huge
importance, particularly in view of the growing need for active photocatalysts functioning in visible
light, as well as high-performance electrode materials.
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Abstract: Two series of alumina (Al2O3)–mesoporous organosilica (Al–MO) hybrid materials were
synthesized using the co-condensation method in the presence of Pluronic 123 triblock copolymer.
The first series of Al–MO samples was prepared using aluminum nitrate nanahydrate (Al–NN)
and aluminum isopropoxide (Al–IP) as alumina precursors, and organosilanes with three different
bridging groups, namely tris[3-(trimethoxysilyl)propyl]isocyanurate, 1,4-bis(triethoxysilyl)benzene,
and bis(triethoxysilyl)ethane. The second series was obtained using the aforementioned precursors
in the presence of an amine-containing 3-aminopropyltriethoxysilane to introduce, also, hanging
groups. The Al–IP-derived mesostructures in the first series showed the well-developed porosity
and high specific surface area, as compared to the corresponding mesostructures prepared in the
second series with 3-aminopropyltriethoxysilane. The materials obtained from Al–NN alumina
precursor possessed enlarged mesopores in the range of 3–17 nm, whereas the materials synthesized
from Al–IP alumina precursor displayed relatively low pore widths in the range of 5–7 nm.
The Al–IP-derived materials showed high CO2 uptakes, due to the enhanced surface area and
microporosity in comparison to those observed for the samples of the second series with AP hanging
groups. The Al–NN- and Al–IP-derived samples exhibited the CO2 uptakes in the range of 0.73–1.72
and 1.66–2.64 mmol/g at 1 atm pressure whereas, at the same pressure, the Al–NN and Al–IP-derived
samples with 3-aminopropyl hanging groups showed the CO2 uptakes in the range of 0.72–1.51
and 1.70–2.33 mmol/g, respectively. These data illustrate that Al–MO hybrid materials are potential
adsorbents for large-scale CO2 capture at 25 ◦C.

Keywords: alumina; CO2 capture; porous hybrid adsorbents; mesoporous organosilica

1. Introduction

Among many heat-trapping gases, including CO2, SO2, NO, N2O, NO2, and CH4, carbon dioxide
(CO2) is considered one of the major contributors to global warming. According to the report released
by EPA in 2011, the contribution of CO2 is about 84% of the total discharge of gases into the atmosphere.
Currently, the CO2 concentration exceeded 400 ppm, and the average global temperature has already
increased by 1–2 ◦C, as compared to the values reported over the last few decades. Although this
temperature fluctuation seems to be small, it has a significant effect on the global climate patterns,
leading to the melting of glaciers in north and south poles, eventually causing the sea level to rise.
Thus, reducing the concentration level of CO2 is an urgent requirement to keep the atmosphere safe
and diminish the effects of global warming.
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Nowadays, the preferred technology for industrial CO2 capture involves chemical absorption in
aqueous solutions of amines. Alkanolamines, including monoethanolamine (MEA) and diethanolamine
(DEA), are commonly used in this process [1]. However, the amine-based scrubbing techniques possess
several drawbacks. For instance, the regeneration of absorbed CO2 from liquid amine is energy
intensive, and replacement of amine after several cycles is needed due to its degradation under
oxidizing and reducing chemical environments.

Solid sorbents have attracted a great attention as potential alternatives to the liquid amine
scrubbing techniques, due to their high stability, tunability, and reusability. Unlike aqueous
liquid amines, porous solid sorbents adsorb CO2 via physisorption (physical adsorption) [2]
or chemisorption (chemical adsorption) [2], and avoid many drawbacks associated with liquid
amines [3,4]. Chemisorption on solid sorbents is achieved by modifying their surface with basic
sites such as alkaline carbonates and different amine functional groups, which show high affinity
toward acidic CO2. Physical solid sorbents for CO2 capture include activated carbons [5,6], carbon
molecular sieves [7,8], carbon nanotube-based sorbents [9,10], zeolites [11,12], and metal-organic
frameworks [13,14]. Materials like alkali metal-based sorbents [15–18], amine-functionalized solid
sorbents such as activated carbons [19,20], carbon nanotubes [21,22], solid resins [23], modified
zeolite-based sorbents [24,25], polymer-based sorbents [26,27], amine-functionalized silica [28,29],
grafted silica sorbents [30–32], and amine-impregnated alumina sorbents [33], have been investigated
as chemical solid sorbents.

Mesoporous silica materials, such as SBA-15 [34] and MCM-41 [35], have been investigated for
CO2 capture. However, these materials show low CO2 sorption capacities due to weak interactions
between silanol groups and CO2. Therefore, MCM-41 and SBA-15 silica materials modified with
different amine groups, including diethylenetriamine, tetraethylenepentamine, polyethyleneimine,
and ethylenediamine, have been studied for CO2 capture [30–32,36–40]. The chemical incorporation of
amine groups onto silica matrix can be achieved either by co-condensation [41,42] or post-synthesis
grafting [31,43,44]. Typically, the higher loading of amine groups leads to higher CO2 capacity
depending on the properties of mesoporous silica. Thus, the selection of proper silica support with
high porosity and high surface area before amine grafting is essential. During grafting of amine
groups onto silica surface, the surface silanols react with aminosilanes. Therefore, maintaining high
surface silanol density is beneficial for achieving higher loading of amine groups and larger CO2

sorption capacity.
Over the past few years, the amine-grafted mesoporous silica and impregnated alumina

materials have been investigated as solid sorbents for CO2 capture [45,46]. Mesoporous silica
inherits high surface area, tunable, and well-defined porosity, which are important for uniform
grafting of amine functional groups. Similarly, alumina materials show favorable properties,
including high surface area, high porosity, and thermal and mechanical stability, which are
suitable for amine modification. The adsorption properties of alumina strongly depend on its
structure and thermal treatment temperature (calcination temperature). For example, mesoporous
alumina materials feature large pore volume, three-dimensional (3D) interconnected mesoporosity,
and thermal stability. Due to these unique characteristics, alumina-based materials have been
investigated for gas adsorption applications. Examples of alumina-based materials for CO2 capture
include amine-impregnated Al2O3 [33], basic Al2O3 [46], amine-modified mesoporous Al2O3 [47,48],
MgO/Al2O3 [49], and Al2O3–organosilica [50] materials.

Interestingly, the adsorption properties of alumina–mesoporous silica composites can be further
improved by introducing silica precursors with nitrogen-containing functional groups, such as amines
and organic bridging groups [50,51]. We previously reported the synthesis of alumina–mesoporous
organosilica hybrid materials with isocyanurate bridging groups and their CO2 adsorption properties
at elevated temperatures [50]. Incorporation of organic bridging groups facilitated the formation of
crosslinked mesostructures with well-ordered pores and enhanced surface properties [51]. In addition,
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the organic moieties of bridging groups increase hydrophobicity of the mesoporous silica matrix,
which is beneficial for CO2 sorption.

In this study, we report the synthesis and CO2 adsorption properties of mesoporous Al–MO
hybrid materials at 25 ◦C. Here, we also present the effects of different alumina precursors, silica
precursors with varying organic bridging groups, amine-based silica hanging groups, and calcination
process on the CO2 capture at 25 ◦C. Al–MO hybrid materials were prepared in the presence
of triblock copolymer Pluronic P123 using alumina and organosilica precursors. Two alumina
precursors used in this study include aluminum nitrate nanahydrate (Al–NN) and aluminum
isopropoxide (Al–IP), see Scheme 1. Silanes with three different bridging groups, including
nitrogen-containing tris[3-(trimethoxysilyl)propyl]isocyanurate (ICS), and non-nitrogen-containing
1,4-bis(triethoxysilyl)benzene (BTEB), and bis(triethoxysilyl)ethane (BTEE)), were used as organosilica
precursors. The grafting of amine groups was achieved by using 3-aminopropyltriethoxysilane (APTS),
see Scheme 1. To our knowledge, this is the first report on the Al–MO hybrid materials prepared by
using different alumina and silica precursors with various organic bridging groups and amine hanging
groups for CO2 capture at ambient conditions.

Scheme 1. Structures of the chemicals used in the synthesis of different Al–MO hybrid materials.

2. Materials and Methods

2.1. Materials

Tris[3-(trimethoxysilyl)propyl]isocyanurate (ICS), 1,4-bis(triethoxysilyl)benzene (BTEB),
bis(triethoxysilyl)ethane (BTEE), and 3-aminopropyltriethoxysilane (APTS) were purchased from
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Gelest Inc (Morrisville, PA, USA). Pluronic P123 (EO20PO70EO20) triblock copolymer was purchased
from BASF Corporation (Florham Park, NJ, USA). Absolute ethanol was obtained from AAPER
Alcohol and Chemical Company (Shelbyville, KY, USA). Ethanol (95%) was purchased from Fisher
Scientific (Pittsburgh, PA, USA). Aluminum isopropoxide (Al–IP) and aluminum nitrate nanahydrate
(Al–NN) were purchased from Sigma Aldrich (St. Louis, MO, USA). All reagents were in analytical
grade, and used without further purification.

2.2. Synthesis Method

Alumina–mesoporous organosilica (Al–MO) hybrid samples were synthesized using a slightly
modified literature method [50,52]. The procedure used for the preparation of the first series of Al–MO
hybrid materials was as follows: 1.0 g of Pluronic P123 (EO20PO70EO20) and known amounts of Al–NN
(aluminum nitrate nanahydrate) or Al–IP (aluminum isopropoxide) were added to 20 mL of absolute
ethanol in a 250 mL polypropylene bottle. Then, the reaction mixture was stirred at 25 ◦C for 70 min.
After that, a predetermined amount of silica precursor with different organic bridging groups (ICS,
BTEE or BTEB) was added to the resultant mixture. The same steps were used in the preparation of
the second series of Al–MO hybrid materials with APTS hanging groups. A known amount of APTS
was added to the reaction mixture after adding the silica precursor (ICS, BTEE, or BTEB). In both cases,
the final mixture was stirred at room temperature for 4 h and kept in an oven at 60 ◦C for 48 h. Then,
extraction of the P123 block copolymer template from the resulting white/yellow solid was performed
using 55 mL of 95 % ethanol solution in a 250 mL polypropylene bottle under vigorous stirring for a
few minutes. The resulting dispersion was kept in the oven (Sheldon Manufacturing Inc., Cornelius,
OR, USA) at 100 ◦C for another 24 h. Next, the product was filtered and rinsed thoroughly with 95 %
ethanol and dried in an oven at 70 ◦C for an additional 20 h. Finally, calcination of the solid obtained
after extraction was conducted in a horizontal quartz tube furnace (Lindberg Blue M manufactured
by Thermal Product Solutions, White Deer, PA, USA) at 350 ◦C for 2 h in flowing N2 at a heating
rate of 2 ◦C/min. The samples obtained prior to the extraction step (as-synthesized), after extraction
(extracted), and after extraction followed by calcination (extracted and calcined), were tested for their
adsorption properties. Scheme 2 shows the route used for the synthesis of alumina–organosilica
(Al-IC10-AP10) material using two organosilanes, the first with an isocyanurate bridging group (ICS)
and the second with 3-aminopropyl (APTS) hanging group.

The aluminum content (0.011 mol) was kept constant for all samples studied. The number
of moles of Si used in the synthesis was a percentage of the total number of Al moles. Based
on our previous study, the optimum Si% for tris[3-(trimethoxysilyl)propyl]isocyanurate (ICS)
and 3-aminopropyltriethoxysilane (APTS) was found to be 10% [50]. The Al–MO materials with
higher Si% than 10 showed smaller pore widths due to the geometrical constraints created
by bulky silane bridging groups during self-assembly process [50]. Therefore, Si percentage,
with respect to the total number of Al moles, was maintained at 10% for all Al–MO
samples. The samples were denoted based on the precursors used in the initial reaction
mixture. For instance, the short abbreviation AN refers to aluminum nitrate nanahydrate
(Al–NN), and AI to aluminum isopropoxide (Al–IP). Short abbreviations IC, B, E, and AP, were
used for tris[3-(trimethoxysilyl)propyl]isocyanurate (ICS), 1,4-bis(triethoxysilyl)benzene (BTEB),
bis(triethoxysilyl)ethane (BTEE), and 3-aminopropyltriethoxysilane (APTS), respectively. For instance,
AN-B10 refers to the samples synthesized using Al–NN and BTEB (10% Si), whereas AN-B10-AP10
refers to the samples synthesized using Al–NN, and BTEB (10% Si) and APTS (10% Si). In both cases,
Al–NN acts as an alumina precursor. Similarly, AI-B10 refers to the samples prepared using Al–IP
and BTEB (10% Si), while AI-B10-AP10 refers to the samples obtained by using Al–IP, BTEB (10% Si),
and APTS (10% Si)). The as-synthesized samples are denoted with a # mark. Labels for all extracted
samples do not have an asterisk (*), whereas the samples subjected to the extraction, followed by
calcination, are marked with an asterisk (*).
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Scheme 2. Illustration of the synthesis route for alumina–organosilica material (Al-IC10-AP10) using
isocyanurate bridging silane (ICS) and 3-aminopropyltriethoxysilane (APTS).

Four analogous samples to AN-IC10, AN-IC10*, AN-IC10-AP10, and AN-IC10-AP10* were
studied in a previous work [50], where a series of materials was prepared by varying the amount of
ICS. The synthesis and calcination conditions used in [50] and this work are slightly different, which
results in different adsorption parameters. For instance, AN-IC10 in the current paper was calcined
at 350 ◦C with heating rate of 2 ◦C/min, while an analogous sample reported in [50] was calcined at
300 ◦C with heating rate of 3 ◦C/min. In previous work [50], alumina precursors were mixed with
one bridging silane only, isocyanurate (IC), by varying its percentage from 10 to 80%, while, in this
work, silanes (10% only) with different bridging were explored. Importantly, the previous work [50]
was focused on the CO2 capture at elevated temperatures, while the current work reports the newly
synthesized samples with different functional groups for CO2 adsorption at 25 ◦C.

2.3. Characterization of Materials

Nitrogen (N2) adsorption isotherms were collected at −196 ◦C (77 K) using an ASAP 2010
volumetric analyzer (Micromeritics, Inc., Norcross, GA, USA). All materials were outgassed under
vacuum at 110 ◦C for 2 h before recording the adsorption measurements.

High-resolution thermogravimetric measurements were conducted using a TGA Q-500 analyzer
(TA Instruments, Inc., New Castle, DE, USA). Thermogravimetric (TG) studies were performed from
25 ◦C to 700 ◦C in flowing N2 gas, using a heating rate of 10 ◦C/min. The TG profiles were used to
study the thermal stability of the hybrid materials and the removal of P123 template.

2.4. NMR Analysis

All NMR spectra were collected on Bruker Avance (III) 400WB NMR spectrometer (Bruker Biospin
Corporation, Billerica, MA, USA) equipped with a magic-angle spinning (MAS) triple resonance probe
head having zirconia rotors of 4 mm diameter by using the procedure reported in [50].
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2.5. CO2 Adsorption Measurements

CO2 adsorption studies were conducted using an ASAP 2020 volumetric adsorption analyzer
(Micromeritics, Inc., Norcross, GA, USA) at the pressures up to ~1.2 atm and 25 ◦C using ultrahigh
pure CO2 gas. All samples were outgassed at 110 ◦C for 2 h under vacuum before the analysis. The
sample reusability was tested over a number of adsorption/desorption cycles for the sample with the
highest CO2 adsorption capacity. Six consecutive adsorption/desorption runs were recorded on ASAP
2020. For instance, the first adsorption isotherm measurement was carried out up to 1.2 atm followed
by desorption cycle. After the completion of the first run, the second adsorption/desorption run was
started manually on the same instrument, and so on.

2.6. Calculation of Surface Properties

The Brunauer–Emmett–Teller (BET) specific surface area (SBET) of each sample was calculated by
following its N2 adsorption isotherm in the relative pressure range of 0.05 to 0.20. The single-point pore
volume (Vsp) was determined based on the amount N2 gas adsorbed at a relative pressure of ~0.98. The
pore size distributions (PSD) were calculated using adsorption branches of N2 adsorption/desorption
isotherms and applying the improved Kruk–Jaroniec–Sayari (KJS) method developed for cylindrical
pores [53]. The total pore volume (Vt) was calculated by integrating the entire PSD curve and the
volume of micropores (Vmi) was calculated by taking the difference between Vt and Vmeso (Vt − Vmeso).
The mesopore volume (Vmeso) was determined by integrating the PSD curve from 2 nm to the end of
the PSD curve. In addition to the PSD curves that display the overall distribution of pores, the pore
widths (Wmax) corresponding to the maxima of these distributions are also tabulated to show the
characteristic pore sizes of the samples studied.

3. Results and Discussion

3.1. Properties of Al–MO Hybrid Composites

High-resolution thermogravimetry (HR-TG) and differential thermogravimetry (DTG) studies
were conducted to identify the thermal stability of silica precursors with ethylene, benzene,
isocyanurate bridging groups, and amine hanging groups. Figure 1 shows the DTG profiles recorded in
flowing N2 for AN-IC10#, AN-IC10*, and AN-IC10-AP10* samples. As shown in Figure 1, all samples
exhibit a sharp peak approximately at 100 ◦C, assigned to the loss of physically adsorbed water.
The as-synthesized (AN-IC10#) sample displays two additional peaks on its DTG profile in the
temperature ranges of 150–300 ◦C and 350–480 ◦C, corresponding to the decomposition of P123
block copolymer template and isocyanurate bridging groups, respectively, see Figure 1.
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Figure 1. DTG profiles of the as-synthesized (#) alumina–silica composite with isocyanurate bridging
groups and alumina–silica composites with isocyanurate bridging groups in the presence and absence
of aminopropyl groups after extraction followed by calcination (*). Note: AN and AP refer to the
aluminum nitrate and aminopropyl, respectively.

The DTG profiles obtained for the extracted and calcined alumina–silica samples (AN-IC10-AP10*
and AN-IC10*) with isocyanurate (ICS) bridging groups in the presence and absence of aminopropyl
group show a second major peak centered at 430 ◦C, related to the decomposition of isocyanurate
bridging groups, see Figure 1. The small peak observed at 330 ◦C for AN-IC10-AP10* corresponds
to the degradation of aminopropyl groups. The DTG profiles for AN-IC10-AP10* and AN-IC10* do
not have any peak in the temperature range from 150 to 300 ◦C, indicating the complete removal of
block copolymer template via extraction followed by calcination, see Figure 1. The corresponding
TG curves of AN-IC10#, AN-IC10*, and AN-IC10-AP10* samples are shown in Figure 2. Figure 3
displays the DTG profiles of three extracted and calcined alumina–silica samples (AN-IC10*, AN-E10*,
and AN-B10*) with ICS, BTEE, and BTEB bridging groups. As can be seen from Figure 3, peaks at
~400, 550, and 600 ◦C correspond to the thermal degradation of isocyanurate, benzene, and ethylene
bridging groups, respectively.

Figure 2. TG profiles of the as-synthesized (#) alumina–silica sample with isocyanurate bridging
groups and alumina–silica samples with isocyanurate bridging groups in the presence and absence
of aminopropyl groups after the extraction and calcination (*). Note that AN and AP refer to the
aluminum nitrate and aminopropyl, respectively.
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Figure 3. DTG profiles for the extracted and calcined (*) alumina–silica composites containing
isocyanurate (IC; panel a), ethylene (E; panel b), and benzene (B; panel c) bridging groups. Note
that AI refers to aluminum isopropoxide.

Figures 4 and 5 show comparisons of N2 adsorption/desorption isotherms for the Al–MO samples
synthesized using Al–NN as an alumina precursor with three different bridged organosilanes in the
absence and presence of 3-aminopropyltriethoxysilane (AP) at −196 ◦C (77 K), respectively. All
extracted (AN-B10, AN-E10, AN-IC10, AN-B10-AP10, AN-E10-AP10, AN-IC10-AP10), and extracted
and calcined (AN-B10*, AN-E10*, AN-IC10*, AN-B10-AP10*, AN-E10-AP10*, AN-IC10-AP10*) samples
exhibit type IV nitrogen adsorption isotherms with steep capillary condensation–evaporation steps
beginning at a relative pressure of around 0.85 (see adsorption isotherms in Figures 4 and 5). Insets in
Figures 4 and 5 show the pore size distribution (PSD) curves corresponding to the aforementioned
adsorption isotherms obtained by the KJS method [53]. Our N2 adsorption isotherms reveal that the
extracted samples derived from Al–NN (AN-IC10, AN-B10, AN-E10, AN-B10-AP10, AN-E10-AP10)
have better surface properties, as evidenced by higher surface area, total pore volume (Vt), and pore
width (Wmax), as compared to the extracted and calcined counterparts (AN-IC10*, AN-B10*, AN-E10*,
AN-B10-AP10*, AN-E10-AP10*). This may be attributed to the shrinkage of organosilica structure due
to the calcination process at a relatively high temperature (350 ◦C) [54].

Figure 4. N2 adsorption isotherms and their corresponding PSD curves (insets) for the extracted
(AN-B10 (left panel a), AN-E10 (middle panel b), and AN-IC10 (right panel c)), and extracted and
calcined (AN-B10* (left panel a), AN-E10* (middle panel b), and AN-IC10* (right panel c)) samples.
AN refers to aluminum nitrate.
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Figure 5. N2 adsorption isotherms and their corresponding PSD curves (insets) for extracted
(AN-B10-AP10 (left panel a), AN-E10-AP10 (middle panel b), and AN-IC10-AP10 (right
panel c)), and extracted calcined (AN-B10-AP10*(left panel a), AN-E10-AP10*(middle panel b),
and AN-IC10-AP10*(right panel c)) samples. Note that AN and AP refer to aluminum nitrate and
aminopropyl, respectively.

Similar to the Al–NN-derived samples, all Al–IP-derived samples also show type IV isotherm
with relatively broad capillary condensation–evaporation steps pertained to H1 type hysteresis
loop (see Figures 6 and 7) and quite narrow PSDs (see insets in Figures 6 and 7). As shown
in Table 1, all extracted and calcined samples derived from Al–IP (AI-B10*, AI-E10*, AI-IC10*,
AI-B10-AP10*, AI-E10-AP10*, and AI-IC10-AP10*) exhibit lower surface parameters, including surface
area, microporosity, and pore width, as compared to the corresponding extracted samples (AI-B10,
AI-E10, AI-IC10, AI-B10-AP10, AI-E10-AP10, and AI-IC10-AP10). For example, the specific surface
area of AI-IC10 decreases from 655 m2·g−1 to 618 m2·g−1 after grafting aminopropyl hanging groups
(AI-IC10-AP10*). In addition, the pore width of AI-IC10 sample reduces from 5.6 nm to 5.4 nm after
introducing aminopropyl hanging groups (AI-IC10-AP10*), see Table 1. The reduction in the surface
properties of the extracted and calcined samples is due to the shrinkage of the organosilica structure
upon calcination at 350 ◦C [54].

Figure 6. N2 adsorption isotherms and their respective PSD curves (insets) for the extracted (AI-B10
(left panel a), AI-E10 (middle panel b), and AI-IC10 (right panel c)), and extracted calcined (AI-B10*
(left panel a), AI-E10* (middle panel b), AI-IC10* (right panel c)) samples, where B, E, and IC refer to
benzene, ethylene, and isocyanurate bridging groups, respectively; AI refers to aluminum isopropoxide.
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Figure 7. N2 adsorption isotherms (left panel) and the corresponding PSD curves (insets) for the
extracted (AI-B10-AP10 (left panel a), AI-E10-AP10 (middle panel b), and AI-IC10-AP10 (right panel
c)), and extracted calcined (AI-B10-AP10* (left panel a), AI-E10-AP10* (middle panel b), AI-IC10-AP10*
(right panel c)) samples. AI refers to aluminum isopropoxide, and AP represents aminopropyl.

Table 1. Adsorption parameters obtained for the alumina–silica samples studied.

Samples
SBET

(m2/g)
Vsp (cc/g) Vt (cc/g) Vmi (cc/g)

Wmax

(nm)
nCO2

(mmol/g)
n*CO2

(μmol/m2)

AN-B10 319 0.60 0.63 0.02 2.9/13.6 0.78 2.45
AN-B10* 150 0.42 0.44 <0.01 12.0# 0.73 4.87
AN-E10 393 0.91 0.94 <0.01 4.1/17.0 1.09 2.77
AN-E10* 219 0.67 0.72 <0.01 15.9# 0.85 3.88
AN-IC10 289 0.74 0.77 0.01 4.0/16.4# 0.92 3.18
AN-IC10* 286 0.68 0.68 <0.01 4.0/13.2# 1.72 6.01
AN-B10-AP10 284 0.50 0.52 0.02 2.9/12.3 0.96 3.38
AN-B10-AP10* 186 0.36 0.38 <0.01 9.4/13.3 1.22 6.56
AN-E10-AP10 265 0.46 0.48 <0.01 3.4/11.6# 0.74 2.79
AN-E10-AP10* 247 0.42 0.43 <0.01 3.2/9.8# 1.51 6.11
AN-IC10-AP10 138 0.26 0.26 <0.01 4.1/14.8 0.72 5.21
AN-IC10-AP10* 163 0.24 0.24 <0.01 3.6/11.1 1.40 8.59

AI-B10 742 1.14 1.24 0.05 5.1 2.60 3.50
AI-B10* 684 1.20 1.28 0.03 6.1 1.99 2.91
AI-E10 740 1.18 1.27 0.03 5.7 2.64 3.57
AI-E10* 652 1.12 1.19 0.02 6.1 2.35 3.60
AI-IC10 664 0.89 0.95 0.04 4.1 1.66 2.50
Al-IC10* 655 1.01 1.06 0.02 4.7 2.39 3.65

AI-B10-AP10 654 0.94 1.00 0.02 4.2 1.83 2.80
AI-B10-AP10* 452 0.76 0.78 <0.01 5.6 1.74 3.85
AI-E10-AP10 664 0.97 1.03 0.02 4.0 1.86 2.80
AI-E10-AP10* 509 0.86 0.90 <0.01 5.1 1.70 3.34
AI-IC10-AP10 713 0.91 0.98 0.03 4.0 2.33 3.27
AI-IC10-AP10* 618 0.87 0.90 0.02 5.4 2.21 3.58

SBET—specific surface area, Vsp—single point pore volume, Vt—total pore volume, Vmi—volume of micropores,
Wmax—pore width (# refers to the middle value of the “flat” PSD peak), nCO2—number of moles of CO2 adsorbed at
1 atm per gram of the sample, and n*CO2—number of moles of CO2 adsorbed at 1 atm per unit surface area of the
sample. B, E, or IC refer to benzene, ethylene, and isocyanurate bridging groups, respectively; AN and AP refer
to aluminum nitrate and aminopropyl, respectively. Extracted, and extracted and calcined samples, are denoted
without* and with*, respectively.

It is noteworthy that the samples prepared from Al–IP precursor show much higher surface area
and total pore volume (Vt) as compared to the analogous samples prepared from Al–NN precursor,
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see Table 1 and Figure 7. For instance, the specific surface area of AI-B10 is 742 m2·g−1, as compared
to 319 m2·g−1 of AN-B10, and the total pore volume (Vt) of AI-B10 is 1.24 cm3·g−1 as compared to
0.63 cm3·g−1 of AN-B10, see Table 1. However, Al–NN-derived samples exhibit higher pore widths as
compared to Al–IP-derived samples. For example, the pore width of AN-B10 sample is 13.6 nm as
compared to 5.6 nm of AI-B10 sample.

13C, 27Al, and 29Si solid-state NMR spectra provide a comprehensive description of the chemical
environment of carbon, aluminum, and silicon atoms present in the Al–MO materials studied. For
instance, 1H–29Si cross polarization (CP) MAS NMR spectra reflect the degree of condensation of the
siloxane bonds of isocyanurate, benzene, ethylene bridging groups, and aminopropyl hanging groups
present in the hybrid organosilica framework. 27Al magic-angle spinning (MAS) NMR spectra reveal
the coordination of the incorporated aluminum units in the Al–MO composites. 1H–13C CP/MAS
NMR spectra confirm the presence of organic bridging (B, E, IC) and surface aminopropyl groups.
The 27Al MAS NMR spectra exhibit three peaks for the Al–MO samples studied, see Figure 8. As
shown in Figure 8, both AI-IC10* and AN-IC10* samples display an intense resonance peak at 3.7 ppm
attributed to the aluminum species in an octahedral environment. The additional weak resonance
peaks, visible at about 66.8 and 34.5 ppm, can be attributed to the aluminum in tetrahedral and
pentahedral symmetries, respectively. The 1H–29Si CP/MAS NMR spectra of the AI-B10*, AI-E10*,
and AI-IC10* samples show one prominent resonance peak at −82.2 ppm (Figure 9), corresponding to
Q2 (Si–(OSi)2(OH)2)/(Si–(OSi)2(OH)(OAl)) groups. The spectrum of AI-E10* displays an additional
small peak at ~−47 ppm, corresponding to the T1 (R–Si–(OSi)1(OH)2) structure. There are no visible
peaks above 90 ppm, indicating the absence of Qn (n = 3,4) structures. Figure 10 shows the 1H–13C
CP/MAS spectra of the Al-IC10-AP10*, Al-B10-AP10*, and Al-E10-AP10* samples. The AI-IC10-AP10*
and AI-B10-AP10* samples show three characteristic resonance peaks at 9, 21, and 44 ppm, referring to
the carbon atoms bonded to Si atoms, carbon atoms present in the middle of propyl chain, and carbon
atoms directly attached to N atoms, respectively. The characteristic sharp peaks at 150 and 138 ppm
reflect carbon atoms in isocyanurate and benzene bridging groups, respectively. The spectrum of the
AI-E10-AP10* sample exhibits four distinct peaks at 5.5, 9.0, 21.0, and 28.9 ppm. The first peak at
5.5 ppm refers to ethylene bridging groups. The second peak at 9 ppm refers to the carbon atoms
present in the aminopropyl chain directly bonded to silicon. Note that the carbon atom directly bonded
to Si also appears at 9 ppm. The third and fourth peaks at 21 and 28 ppm, of AI-E10-AP10* sample,
correspond to the carbon atoms in the middle of the propyl chain and carbon atoms directly attached
to N atoms in the aminopropyl chain, see Figure 10.

Figure 8. 27Al-MAS NMR spectra of the AI-IC10* and AN-IC10* for extracted and calcined samples.
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Figure 9. 1H–29Si-MAS NMR spectra of the AI-IC10*, AI-B10*, and AI-E10* samples.

Figure 10. 1H–13C CP/MAS NMR spectra of the AI-IC10-AP10*, AI-E10-AP10*, and
AI-B10-AP10* samples.

3.2. CO2 Sorption

Four series of Al–MO samples were examined for CO2 adsorption at pressures up to ~1.2 atm and
25 ◦C. Figures 11 and 12 show a comparison of CO2 adsorption isotherms measured for all Al–MO
samples studied. AN-B10, AN-E10, and AN-IC10 samples, and their extracted-followed-by-calcination
counterparts (AN-B10*, AN-E10*, and AN-IC10*) show CO2 uptakes at 1 atm in the range from 0.72
to 1.72 mmol/g (Table 1 and Figure 11a). However, AI-B10, AI-E10, and AI-IC10 samples, and their
extracted-followed-by-calcination counterparts (AI-B10*, AI-E10*, and AI-IC10*) exhibit higher CO2

uptakes at 1 atm, varying from 1.66 to 2.64 mmol/g (Table 1 and Figure 12a).
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Figure 11. CO2 adsorption profiles at 25 ◦C, measured on the extracted, and extracted and calcined a)
AN-Z10 and b) AN-Z10-AP10 samples, where Z = B, E, or IC.

Figure 12. CO2 adsorption profiles at 25 ◦C measured on the extracted, and extracted and calcined (*)
(a) AN-Z10 and (b) AN-Z10-AP10 samples, where Z = B, E, or IC.

It has been previously reported that the CO2 adsorption at ambient temperature is governed by a
physisorption mechanism, which is dependent on the volume of micropores (below 2 nm), in particular,
ultramicropores (below 0.7 nm) and surface area [55,56]. However, the samples studied show very
low micropore volumes, suggesting that, in this case, the surface area and surface properties are major
factors determining the CO2 adsorption (see Table 1). Moreover, the samples synthesized using Al–IP
precursor show an approximately two-fold increase in the specific surface area and microporosity,
in comparison to the corresponding samples synthesized from Al–NN precursor (see Table 1) and,
consequently, their CO2 uptakes at 1 atm are higher. Our results also reveal that the structure of alumina
precursor plays a vital role in determining the surface properties of the Al–MO hybrid materials.
Therefore, aluminum isopropoxide (Al–IP) precursor works better than aluminum nitrate nanahydrate
(Al–NN) precursor, due to its ability to form 3D extended mesoporous structures with block copolymers
during the co-condensation process [54,57]. Among three silica precursors, organosilica composite with
ethylene groups (AI-E10) exhibits the highest CO2 uptake of 2.64 mmol/g at 1 atm, see Table 1. At the
same pressure, the samples with benzene (AI-B10) and isocyanurate (AI-IC10*) bridging groups exhibit
the CO2 uptakes of 2.60 and 2.39 mmol/g, respectively. Our data suggest that the samples subjected
to extraction and calcination have lower surface parameters, including microporosity, mesoporosity,
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surface area, and pore size (see Table 1), as compared to the samples subjected to extraction only, which
is due to the shrinkage of the Al–MO materials at high temperatures. For example, the extracted and
calcined samples with benzene and ethylene bridging groups show slightly lower CO2 adsorption
capacities as compared to the samples subjected to extraction only. The CO2 uptakes measured at
1 atm for AI-B10 and AI-E10 change from 2.60 and 2.64 mmol/g, to 1.99 and 2.35 mmol/g, when
calcination is performed (see Table 1). By contrast, the CO2 uptakes measured for the extracted and
calcined samples with nitrogen-containing isocyanurate group (AN-IC10* and AI-IC10*) are larger
than those for the extracted samples (AN-IC10 and AI-IC10), see Table 1. Higher CO2 adsorption on
the AN-IC10* and AI-IC10* samples could be assigned to the unique structure of isocyanurate group
and the presence of nitrogen species favoring interactions with CO2. Grafting aminopropyl hanging
groups on the surface of the Al–MO composites did not cause a significant effect on the CO2 uptake
(see Table 1). Al–MO samples with aminopropyl hanging groups also display lower microporosity and
surface area (see Table 1 and Figures 11 and 12). Our results demonstrate that the CO2 adsorption on
mesoporous alumina– organosilica materials is mainly determined by the surface area of the sample,
alumina precursor, and structure and functionality of the organic bridging groups. Calcination of
the alumina–silica samples at 350 ◦C did not improve their adsorption properties. Amine-containing
materials are commonly used as chemical sorbents at higher temperatures; however, grafting amine
groups on the Al–MO materials did not affect physisorption of CO2 at the conditions studied.

Cycle stability of the Al–MO material with the highest CO2 adsorption capacity was also tested
as described previously [58,59]. Cycle stability measurements for AI-E10 were conducted for six
consecutive cycles, and CO2 uptake was measured. The CO2 uptake remained stable after six
adsorption/desorption cycles with approximately 2.64 mmol/g CO2 uptake at 1 atm, suggesting
good stability of AI-E10 materials. Note that the alumina samples (extracted and calcined at 350 ◦C) do
not show a long-range order on the XRD profiles; thus, they are amorphous in nature (data not shown).

Alumina-based composite materials have been investigated for CO2 capture. Table 2 summarizes
a comparison of CO2 uptakes for various alumina-based composite materials reported in the literature
at low and elevated temperatures. However, studies of alumina-based materials for CO2 capture at
ambient conditions are rare. The sorbents studied in this work show much higher CO2 uptake at 25◦C,
as compared to the values reported previously for alumina-based materials under the same conditions.

Table 2. Comparison of the CO2 sorption data for different alumina-based composite materials.

Material Temperature (◦C) Pressure (atm)
CO2 Uptake

(mmol/g)
Ref.

Al–Mg oxide 60 (13%H2O) 0.99 1.36 [49]

Al2O3–silica 120 0.99 2.20 [50]

Al–Zr–mixed oxide–silica

0
25
60

120

1
1
1
1

1.83
1.39
2.60
2.37

[58]

Al–Mg mixed oxide–silica 300 0.99 0.46 [60]

γ-Al2O3 60 9.9 1.94 [61]

N-doped γ-Al2O3 55 NG 0.67 [62]

Al–Mg mixed
oxide–nitrate–graphene oxide 60 1 1.00 [63]

Al2O3–silica 25 1 2.64 This work

4. Conclusions

Mesoporous alumina–organosilica (Al–MO) materials exhibited high CO2 adsorption capacity
at 25 ◦C. CO2 adsorption properties of Al–MO materials depend on the surface area of the sample,
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alumina precursor, and structure and functionality of the organosilica bridging group. The Al–NN-
and Al–IP-derived samples exhibited the highest CO2 uptakes of 1.72 and 2.64 mmol/g at 1 atm,
respectively. High CO2 uptake, reusability, selectivity, and good thermal and mechanical stability,
make Al–MO materials potential adsorbents for larger-scale CO2 capture at 25 ◦C.
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Abstract: Synroc is recognized as the second-generation waste matrice for nuclear waste disposal.
Zirconolite is one of the most durable Synroc minerals. In this study, Gd and Hf were selected
as the surrogates of trivalent and tetravalent actinide nuclides. Gd-bearing Hf-zirconolite
(Ca1−xHf1−xGd2xTi2O7) ceramic waste forms were rapidly synthesized from a self-propagating
technique using CuO as the oxidant. The results indicate that Gd can concurrently replace the Ca
and Hf sites. However, Gd2O3 could not completely be incorporated into the lattice structure of
zirconolite when the x value is higher than 0.8. The aqueous durability of selected Gd-Hf codoped
sample (Hf-Gd-0.6) was tested, where the 42 days normalized leaching rates (LRi) of Ca, Cu, Gd and
Hf are measured to be 1.57, 0.13, 4.72 × 10−7 and 1.59 × 10−8 g·m−2·d−1.

Keywords: self-propagating; nuclear waste; zirconolite; actinide; aqueous durability

1. Introduction

Due to the main contribution of minor actinides (Np, Am, Cm) to the long term radiotoxicity of
high-level nuclear wastes (HLW) recovered from spent fuel reprocessing, the separation of the actinide
nuclides and their immobilization in durable matrices have been of prime importance [1,2]. A large
number of fundamental and engineering orientated studies have been launched in several countries
(France, Japan, Russia, et al.) to explore the feasibility of highly stable matrices, such as ceramics,
glass-ceramics or glasses [3–15]. Among these host materials, borosilicate glass has been proved as a
desirable matrice for large-scale applications [4,11]. However, the low solubility of minor actinides in
glass matrix and the relatively low thermal stability of glass are the major limitations for the disposal
of actinide-rich wastes [10,16]. Alternatively, Synroc has been proposed as a potential matrice for HLW
immobilization by Ringwood et al. [17]. Synroc is mainly composed of multiple titanate mineral phases,
such as zirconolite (CaZrTi2O7), pyrochlore (A2B2O6X), perovskite (CaTiO3), hollandite (BaAl2Ti6O16),
rutile (TiO2), spinel (AB2O4), et al. These mineral phases have accommodated actinide elements in
the natural environment for over tens of millions of years. According to the theory of isomorphism
substitution, radioactive nuclides can be included into the lattice structure of above-mentioned mineral
phases, which can significantly promote the waste loading and long-term stability [17–23].

Zirconolite, which is one of the most durable phases among Synroc minerals, has been extensively
investigated as a ceramic matrice [24–27]. Zirconolite exhibits a layered structure, which is formed
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by the stacking layers of edge shared Ti-O polyhedra (TiO6 and TiO5) and layers of Ca2+ and Zr4+

ions [25–28]. Due to the composition and nature of substitution, zirconolite can transform into different
polytypes like zirconolite-2M (monoclinic), zirconolite-3T (trigonal), zirconolite-3O (orthorhombic).
The different forms of coordination make zirconolite structure capable of accommodating large cations
like rare-earth, actinide and alkaline earth ions, as well as small cations like transition metal ions [28–30].
Moreover, zirconolite-base waste forms exhibit excellent performances in waste loading, aqueous
durability, chemical flexibility, radiation resistance and existence of nature analogues, which make it a
potential host phase for the immobilization of separated minor actinides [4,7,8].

In general, zirconolite-rich Synroc waste forms were mainly synthesized by traditional methods,
such as liquid phase synthesis (hydroxide and sol-gel methods) and solid state reaction [31–33].
These approaches usually require a long-time sintering process under high-temperature and high pressure,
which is time consuming and evokes the risk of nuclide volatilization. Muthuraman et al. have been
proposed an alternative synthesis approach, self-propagating high-temperature synthesis (SHS), for the
immobilization of nuclear waste [34]. Because of its special advantages [35], SHS technique has been
considered as a candidate approach for environment protection, such as stabilization of radioactive and
toxic wastes. In recent years, we have explored the rapid synthesis of zirconolite and pyrochlore based
waste forms using SHS [36–41]. Quick pressing (QP) was also introduced to obtain highly densified
samples. The results demonstrate that highly densified ceramic-based waste forms can be synthesized
within several minutes using this SHS/QP technique.

As real actinides contained HLW is not available in laboratory, simulated actinide nuclides are
widely employed in fundamental research. From the consideration of crystal chemistry and ionic
radius [42], Gd and Ce were usually employed as the surrogates of trivalent and tetravalent actinide
elements. From previous studies [43,44], the charge state of Ce is not stable as Ce4+ usually transforms
to Ce3+ under high temperature sintering. Actually, Hf is a better surrogate of tetravalent actinides
(especially Pu) over Ce as the charge state of Hf4+ is extremely stable. Hf exhibits similar density and
solubility as Pu in vitreous waste forms. Hf can also partially or totally replace the Zr site of zirconolite
(Hf-zirconolite, CaHfTi2O7) [45,46]. Gd and Hf are considered as a neutron poison for fission reactions
because they have extreme high capture cross-sections of thermal neutron [47]. Thus, the Gd-bearing
Hf-zirconolite waste forms possess high critical safety when loaded with fissile actinide isotopes
of 239Pu and 235U. In this study, Hf-zirconolite was rapidly prepared from an SHS/QP technique
using CuO as the oxidant. The Zr site was totally replaced by Hf with chemical composition of
CaHfTi2O7. On this basis, Gd2O3 was introduced as the surrogate of trivalent actinides, which was
designed to concurrently occupy the Ca and Hf sites of Hf-zriconolite. The phase composition, crystal
structure, site occupancy and microstructure of the Gd-bearing samples were investigated. In addition,
the aqueous durability was evaluated using the standard MCC-1 leaching test [48].

2. Materials and Methods

Analytical grade CuO, CaO, Ti, TiO2, ZrO2, as well as high purity Gd2O3 and HfO2 (purity ≥
99.9 wt. %), were purchased as the raw materials. Firstly, the Hf-zirconolite was prepared according to
the following chemical equation:

6CuO + 2CaO + 3Ti + TiO2 + 2HfO2 = 2CaHfTi2O7 + 6Cu (1)

After that, a series of compositions with stoichiometry as Ca1−xHf1−xGd2xTi2O7 (x = 0.2, 0.4, 0.6,
0.8 and 1.0, named as Hf-Gd-0.2, Hf-Gd-0.4, Hf-Gd-0.6, Hf-Gd-0.8 and Hf-Gd-1.0) were synthesized
from this SHS technique. The designed SHS reactions were conducted as follows:

6CuO + 2(1 − x)CaO + 3Ti + TiO2 + 2(1 − x)HfO2 + 2xGd2O3 = 2Ca1−xHf1−xGd2xTi2O7 + 6Cu (2)

The weight percentages of raw materials are listed in Table 1. About 20 g reactants were completely
homogenized using planetary ball milling. The mixed powders were then preformed into cylindrical
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pellets with dimension of Φ25 × 12 mm. The pressed pellets were then ignited and densified similarly
to in our previous report [36]. Before pressure exertion, the reaction temperatures of all samples were
measured by a W/Re 5/26 thermocouple located at the sample center.

Table 1. Weight percentage of the raw reactants for Gd-doped Hf-zirconolite samples.

Sample No.
Addictive Amount of Raw Materials (g)

CuO CaO HfO2 Ti TiO2 Gd2O3

Hf-Gd-0.2 7.502 1.410 5.294 2.257 1.255 2.279
Hf-Gd-0.4 7.282 1.026 3.854 2.191 1.218 4.426
Hf-Gd-0.6 7.075 0.665 2.496 2.128 1.184 6.450
Hf-Gd-0.8 6.879 0.323 1.213 2.069 1.151 8.362
Hf-Gd-1.0 6.694 - - 2.014 1.120 10.171

The as-synthesized specimens were pulverized into fine powders, which were characterized by
X-ray diffractometer (XRD; D/MAX-RB, Rigaku Corporation, Tokyo, Japan) with Cu Kα radiation to
obtain the phase composition. The ignited samples were compressed by a quick pressing of 45 MPa
with 60 s holding time after about 25–30 s delay of combustion. The obtained samples were then
sliced and polished using different grades of emery paper and 0.5 μm diamond pastes. After cleaning
and drying, the samples were subjected to further characterizations. Microstructure of the selected
Hf-Gd-0.6 sample was typically observed using field-emission scanning electron microscopy (FESEM;
Zeiss Ultra-55, Oberkochen, Germany) under 15 KV energy. The phase composition and elemental
distribution were analyzed from the results of energy-dispersive X-ray spectrometer (EDX, ULTRA
55, ZEISS, Oberkochen, Germany) attached with the FESEM equipment. The chemical durability of
Hf-Gd-0.6 sample was evaluated using standard MCC-1 leaching test. The specimen was sliced and
grinded into dimension of 5.28 mm × 5.30 mm × 5.24 mm, which was suspended by a copper wire
and immersed in 80 mL deionized water. Completely cleaned polytetra-fluoroethylene (PTFE) was
utilized the leaching container. The leaching tests were carried out at 90 ◦C with durations of 1, 3, 7, 14,
21, 28, 35 and 42 days. The elemental concentrations of Ca and Cu in the leachates were obtained by
inductively coupled plasma (ICP) analysis (iCPA 6500, ThermoFisher, Waltham, MA, USA), while Hf
and Gd were collected by inductively coupled plasma-mass spectrometry (ICP-MS) analysis using an
Agilent 7700× spectrometer (Santa Clara, CA, USA).

3. Results and Discussion

3.1. Combustion Temperature and XRD Analysis of the Hf-Zirconolite Sample

According to the previous research [45], Hf can totally replace the Zr site of zirconolite. In this
experiment, we firstly testify the feasibility for the SHS preparation of Hf-zirconolite. The combustion
experiment of the above-mentioned Equation (1) was conducted. The result demonstrates that the
green body can be successfully ignited with self-sustaining reaction. The combustion lasts for about
10 s after ignition, which leads to a reaction speed of about 2–3 mm/s. The center temperature of
this sample was measured as depicted in Figure 1a. The maximum temperature is 1177 ◦C and
the temperature duration (≥1000 ◦C) is longer than 30 s. As there is heat dissipation during the
combustion reaction and subsequent testing, the real temperature should be much higher than the
measured one. This temperature is adequate and beneficial for subsequent compression as it is higher
than the melting point of Cu (1083 ◦C). Figure 1b shows the XRD pattern of the obtained Hf-zirconolite
sample, which indicates the phase composition mostly conforms to the original design. Hf-zirconolite
and Cu demonstrate are the main phases with a trace of CaTiO3 phase. As no peaks correspond
to HfO2, we can confirm that HfO2 has been completely incorporated into the Zr site of zirconolite.
Because the Zr4+ and Hf4+ cations are in the same charge state and close ionic radius (0.72 Å for Zr4+
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and 0.71 Å for Hf4+), they can mutually substituted under random proportion. This result testifies that
Hf-zirconolite can be readily synthesized using the SHS method.

Figure 1. (a) Reaction temperature of the Hf-zirconolite sample, (b) XRD pattern of the Hf-zirconolite
sample.

3.2. Reaction Temperature and Phase Composition of Gd-Bearing Hf-Zirconolite Samples

The Gd-bearing Hf-zirconolite waste forms were subsequently synthesized. All the designed
SHS reactions were successfully ignited and the combustions lasted for about 10 s after tungsten
wire ignition. The center temperatures were collected and depicted in Figure 2a. There is not a trend
of regularity for the temperature of Gd-bearing samples. The maximum temperatures of these five
samples reach to 1392 ◦C, 1120 ◦C, 1403 ◦C, 1458 ◦C and 1298 ◦C as the x value is elevated from 0.2
to 1.0. Compared with the original Hf-zirconolite (1177 ◦C), the Gd2O3 doped samples exhibit much
higher temperatures (except for the Hf-Gd-0.4 sample). This result reveals that the reactivity of Gd2O3

is higher than CaO or/and HfO2. Although the temperatures are not high, they are adequate and
facilitate the subsequent densification process to get highly densified samples.

Figure 2. (a) Reaction temperatures, (b) XRD patterns of the Gd-bearing Hf-zirconolite samples with x
values of 0.2–1.0.

According to previous studies [29,31], the Ca and Zr site of zirconolite could be concurrently
occupied by trivalent actinides. The phase compositions of Gd-bearing Hf-zirconolite samples were
characterized with the XRD patterns presented in Figure 2b. It is distinctly demonstrated that
there is a phase transformation from 2M-zirconolite to cubic pyrochlore as the x value is elevated.
There are only Hf-zirconolite (CaHfTi2O7, PDF No. 84-0163) and Cu phases in the Hf-Gd-0.2 sample.
Minor pyrochlore appears when the x value is 0.4. The pyrochlore phase demonstrates as the main
phase when the x value is 0.6, which can be verified by the superlattice (100) diffraction peak
at around 15◦. This result is similar as the Nd-bearing zirconolite in the solid-state synthesized
CaZrTi2O7-Nd2Ti2O7 system [31]. However, unreacted Gd2O3 is detected in the Hf-Gd-1.0 sample,
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which indicates that Gd could not totally substitute the Ca and Hf sites. This phenomenon may be
related with the highly different ionic radius between Gd3+ (0.938 Å) and Hf4+ (0.71 Å). The maximum
loading capacity of Gd2O3 is the Hf-Gd-0.8 sample, and only Gd2Ti2O7-based pyrochlore (PDF No.
73-1698) and Cu are demonstrated as the constituent phases in this sample.

3.3. SEM and EDX Analysis of the Gd-Doped Samples

The observed phase fields in the Ca1−xHf1−xGd2xTi2O7 system were further supported by the
SEM and EDX analysis. Typical back-scattered electron (BSE) image of the selected Hf-Gd-0.6 sample
is shown in Figure 3a. No obvious pores can be observed in the surface image, which indicates this
sample was well densified. Meanwhile, two different phases with distinct contrasts can be detected in
the polish surface. The ceramic matrix phase is labeled as “A” and the metallic Cu phase is labelled
as “B”. The Cu phase can be readily determined because it is segregated by a distinct boundary.
The brightness of “A” district is obviously higher than “B”, which is attributed to the higher atomic
number over Cu for Ca1−xHf1−xGd2xTi2O7 phase. According to the XRD result, the ceramic matrix
should be pyrochlore-based titanate with a small amount of zirconolite phase. Figure 3b presents the
fracture surface of Hf-Gd-0.6 sample, which exhibits a dense microstructure with tightly contacted
submicron sized grains. The grain boundary is not very clear in the polishing surface and fracture
surface, which reveals the feature of combustion synthesis as the reaction speed is high and soaking
time is short. There is no time for the formation of grain boundary and grain growth.

Figure 3. SEM images of the Hf-Gd-0.6 sample: (a) the polished surface, (b) the fracture surface.

Elemental EDX characterization was further conducted to determine the phase composition
and elemental distribution of the typical Hf-Gd-0.6 specimen. The BSE and EDX mapping images
are presented in Figure 4, where all the metallic elements of Ca, Ti, Hf, Gd and Cu are listed.
The representative BSE image of Figure 4a supports the coexistence of “A” and “B” phases. Obviously,
the “B” area must be Cu phase, which is testified by the EDX mapping image of Figure 4d. The “A”
phase should be Ca1−xHf1−xGd2xTi2O7 phase as the Ca, Ti, Gd elements are enriched in this area.
This result conforms to the phase composition of XRD analysis. It’s worth noting that Hf not only
appears in the matrix A area but also in the Cu phase. The enrichment of Cu and Hf elements is slightly
overlapping in the “B” area. This phenomenon is strange as there is no peak corresponding to Hf or
HfO2 in the XRD pattern. It may be attributed to the adjacent energy characteristic peaks of Cu and Hf
in the EDX spectra (Hf: Kα = 8.040, Kβ = 8.903, Cu: Kα = 7.898, Kβ = 9.021).

The EDX spotting analysis was further conducted to determine the chemical composition of
the constituent ceramic phase, where the results are demonstrated in Figure 5. The EDX spotting
analysis demonstrates that Hf has not been detected in the Cu phase. The EDX spotting image of
“A” phase in Figure 5a is presented in Figure 5b. Similar as the EDX mapping results, the existence
of Ca, Ti, Zr, Hf and O in the EDX spotting spectra indicates that the “A” phase is Gd and Hf doped
pyrochlore phase. At least five points of “A” area were calculated to obtain the average elemental
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quantities as listed in Figure 5b. Based on this data, the chemical formulation of ceramic phase is
calculated as Ca0.39Hf0.37Gd1.38Ti1.80O7. Compared with the designed formulation of Hf-Gd-0.6 sample
(Ca0.4Hf0.4Gd1.2Ti2O7), the obtained ceramic phase is slightly deficient in Ti while rich in Gd. The Ca
and Hf elements are very close to the designed values. This result testifies that the ceramic phase is
in pyrochlore structure, where the Ca and Hf elements occupy the A site (Gd site in this study) of
A2B2O7 pyrochlore.

Figure 4. SEM-EDX mapping images of the Hf-Gd-0.6 sample: (a) representative BSE image,
(b–f) elemental distribution of Ca, Ti, Cu, Hf and Gd elements.

 
2 μm 

Figure 5. EDX spotting results of the Hf-Gd-0.6 sample: (a) representative BSE image, (b) elemental
spotting analysis of the “A” region.

3.4. Chemical Stability of the Hf-Gd-0.6 Sample

The representative Hf-Gd-0.6 specimen was selected for the standard MCC-1 leaching test.
The 1–42 days normalized elemental leaching rate of Ca, Cu, Gd and Hf are computed and depicted in
Figure 6a–d. With the increase of soaking duration, all the normalized leaching rates firstly decrease in
1–7 days. However, the LRCu and LRGd exhibit slight ascension when the leaching time is prolonged
(7 days for Cu and 21 days for Gd). Anyhow, the LRCa and LRCu values are 1.57 g·m−2·d−1 and
0.13 g·m−2·d−1 after 42 days. Gd and Hf are highly durable elements as shown in Figure 6c,d.
Although there is a slight increase, the 42 days LRGd value is as low as 4.72 × 10−7 g·m−2·d−1.
The LRHf value exhibits a congruent decrease tendency during 1–42 days leaching, where the leaching
rate is 1.11 × 10−8 g·m−2·d−1 after 42 days. In this experiment, the leaching rate of Ca and Cu is
comparable while Gd and Hf are even lower than Synroc waste forms prepared by hot pressing (HP)
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or hot isostatic pressing (HIP) [32,33]. The leaching rates are also significantly lower than borosilicate
glass (about 1 g·m−2·d−1, 90 ◦C) [2,3,49].

Figure 6. 1–42 days normalized leaching rates of the Hf-Gd-0.6 sample: (a) element Ca, (b) element Cu,
(c) element Gd, (d) element Hf.

4. Conclusions

In this study, Gd-bearing Hf-zirconolite (Ca1−xHf1−xGd2xTi2O7) waste forms were rapidly
synthesized from the SHS/QP method using CuO as the oxidant. Gd and Hf were employed as
the simulates of trivalent and tetravalent actinides. The results indicate that Hf can totally replace the
Zr site using this SHS process, and Gd can concurrently replace the Ca and Hf sites (Gd preferentially
substitutes the Ca site). Gd2O3 could not completely be incorporated into the lattice structure of
zirconolite when the x value is higher than 0.8. The aqueous durability of selected Hf-Gd-0.6 sample
was tested, where the 42 days normalized leaching rates (LRi) of Ca, Cu, Gd and Hf are measured to be
1.57, 0.13, 4.72 × 10−7 and 1.59 × 10−8 g·m−2·d−1. These results demonstrate that the SHS/QP route is
suitable for the preparation of zirconolite and pyrochlore based waste forms for HLW immobilization.
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Abstract: Scientific development has increased the awareness of water pollutant forms and has
reawakened the need for its effective purification. Oxyanions are created by a variety of redox-sensitive
metals and metalloids. These species are harmful to living matter due to their toxicity, nondegradibility,
and mobility in aquatic environments. Among a variety of water treatment techniques, adsorption is
one of the simplest, cheapest, and most effective. Since metal-oxide-based adsorbents poses a variety
of functional groups onto their surface, they were widely applied in ions sorption. In this paper
adsorption of harmful oxyanions by metal oxide-based materials according to literature survey was
studied. Characteristic of oxyanions originating from As, V, B, W and Mo, their probable adsorption
mechanisms and comparison of their sorption affinity for metal-oxide-based materials such as iron
oxides, aluminum oxides, titanium dioxide, manganium dioxide, and various oxide minerals and their
combinations are presented in this paper.

Keywords: oxyanions; sorption; metal oxides; environment pollution; water purification; adsorbents;
hazardous metals

1. Introduction

Intensive industrial development has contributed to the increased pollution of the environment
with hazardous metals and metalloids. The majority of these elements are redox sensitive and some
of their oxidation states can form oxyanions in solution. Oxyanions (or oxoanions) are polyatomic
negatively charged ions containing oxygen with the generic formula AxOy

z− (where A represents
a chemical element and O represents an oxygen atom) [1]. Those compounds represent a range
of different species depending both on pH and redox potential [2]. Oxyanions of As, V, B, W, and
Mo are commonly found trace pollutants in various waste streams [1,3]. Metal(loid) oxyanions are
characterized by toxicity [4–6], nonbiodegradability [5,6], and high solubility in water [7], which makes
them extremely mobile harmful species which easily bioaccumulate in the environment and in the food
chain [8]. Thus these species are very dangerous even at low concentrations. They can be transferred
into living organisms via inhalation, ingestion, and skin adsorption, causing irreversible effects [5].
The main sources of hazardous oxyanions are alkaline wastes originating from high temperature
processes with the thermal treatment of waste, fossil fuel combustion, and ferrous or non-ferrous
metal smelting [2], nonetheless they are also produced in microelectronics, electroplating, metal
finishing, battery manufacturing, tannery, metallurgy, and fertilizer industries [5]. However industrial
activities are significantly increasing the concentration of oxyanions, and there are environments where
geological formations promote dissolution of weak-acid oxyanion species, like arsenic, vanadium,
or antimony, which pollute ground water sources used by local communities [9]. Considering the
harmful properties of metal(loid) oxyanions, their effective elimination from water and wastewater
is becoming a key issue for environment and public health protection. Nonetheless in comparison
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with research concerning cationic pollutants, number of works pertained to oxyanions removal is still
dramatically low, what can be seen on the chart presented in Figure 1.

 

Figure 1. Bar chart of the number of articles per year concerning cations, anions and oxyanions
adsorption for the 1989–28 January 2019. The statistical data were obtained by searching “adsorption
metal oxide cations/anions/oxyanions” phrases in the Scopus data base as title and keywords.

The removal of those hazardous species from wastewater and water sources have been subjected
to a variety of techniques e.g., ion exchange, filtration, adsorption, reverse osmosis, solvent extraction,
chemical precipitation, evaporation and concentration, electrodialysis, and biomethods [10–13].
The main methods used for wastewater treatment with particular regard to adsorption has been
shown in Figure 2.

Figure 2. Methods of wastewater treatment.

The main problem with the majority of those methods is their high cost and need for advanced
equipment. Adsorption is in the advantage over other techniques in water treatment due to its low
cost, simple design, easy operation, insensitivity to toxic species, no secondary pollutants production
and high efficiency [14]. Many adsorbents have been proposed in literature for water purification from
harmful oxyanion species, including activated carbons [15,16], lignocellulosic materials [8], gold [17,18],
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silver [19], zero valent iron [20], natural minerals like zeolites [21–24], calcite [25], bentonite [14],
goethite [5,26–30], kaolinite [31], graphene oxide [32], metal hydroxides, or metal oxides. Metal oxides
are characterized by the presence of different types of surface groups [33]. Thus metal-oxide-based
materials reveal a capability to adsorb ions [34] and because of that one of their major uses is for
adsorbing metal or nonmetal ions from aqueous wastewater streams [35]. In this work adsorption of
harmful oxyanions by metal oxide-based materials according to a literature survey have been studied.

2. Arsenic Oxyanions

2.1. Arsenic Pollution

Arsenic is a metalloid that occurs in in the +III and +V oxidation states. It is a building element
of the Earth’s crust and is naturally occurring in the environment in the air, soils and rocks, natural
water, and organisms [36,37]. In its inorganic form it is strongly carcinogenic and highly toxic.
Nowadays arsenic pollution has been recognized to be one of the world’s greatest environmental
hazards. The World Health Organization consider it one of the top ten major public health concern
chemicals. The United States Environmental Protection Agency have located inorganic compounds
of arsenic like arsenic acid, arsenic(III) oxide, and arsenic(V) oxide on the hazardous waste list [38].
The International Agency for Research on Cancer has classified arsenic as a human carcinogenic
substance, group one [39]. Besides cancer, other negative health effects that may be associated with
long-term ingestion of arsenic include developmental effects, diabetes, pulmonary disease, skin lesions,
and cardiovascular disease can occur in living organisms. The current WHO recommendation of
arsenic concentration in drinking water is 10 μg/L, remarking that this is only a provisional guideline
arising from practical difficulties in removing arsenic from drinking water and those concentration
should be as low as possible to eliminate all of its negative results. Inorganic arsenic is the most
significant chemical contaminant in drinking water all over the globe. In natural waters, concentration
of arsenic range from less than 0.5 μg/L to more than 5000 μg/L [37]. It is naturally present at
high levels in the groundwater of a number of countries, including Argentina, Bangladesh, Chile,
China, India, Mexico, and the United States of America [40]. Such high arsenic concentrations
were connected to geothermal influence, mineral dissolution (e.g., pyrite oxidation), desorption
in the oxidizing environment, and reductive desorption and dissolution [37]. Moreover arsenic is
widely used industrially in the smelters, coal-burning, electric plants, processing of glass, pigments,
textiles, paper, metal adhesives, wood preservatives, ammunition pesticides, natural weathering
processes, runoff from mining operations, feed additives, and pharmaceuticals [41]. The outflow of
arsenic-contaminated industrial wastewater to an aquatic system can cause deleterious effects on
human health, animals, and plants. Thus elimination of arsenic from the environment is a task of high
interest in research communities all over the world. Currently available techniques for arsenic removal
include coagulation/precipitation, ion exchange, lime softening, reverse osmosis, electrodialysis, and
adsorption. Conventionally, coagulation/precipitation with ferric and aluminum salts were used to
remove arsenic from aqueous systems, but the waste sludge resulting from this process is creating
problems associated with its treatment and disposal [42].

2.2. Characteristic of Arsenic Oxyanions in Aquatic Environment

In the aquatic environment arsenic is able to create inorganic oxyanions—an oxidized form
arsenate [As(V)] and a reduced form arsenite [As(III)] [15]. The percentage content of arsenic species
in dependence with pH conditions of water is demonstrated in Figure 3. Under oxidizing conditions,
arsenic usually exists in the pentavalent (arsenate) form such as H3AsO4 (dominates in the pH < 9.2),
H2AsO4

−, HAsO4
2, or AsO4

3− depending on the activity of electrons (Eh) and activity of hydrogen
ions (pH). Under reducing conditions arsenic mainly exist in the trivalent form (arsenite)—H2AsO3

−

and HAsO3
2−. In the typical pH for majority of natural waters (6.5–8.5) H2AsO4

– and HAsO4
2− are

predicted to appear. The behavior of arsenic ions in the groundwater and water treatments systems is
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determined by the electrical charge. The strength of sorption of anions onto metal oxides is strongly
dependent on the pH of the environment [36].

Figure 3. Distribution of As(V) and As(III) species as a function of pH, ionic strength = 0.04 M [43].

2.3. Adsorbents for Arsenic Removal from Water Sources

Adsorption technologies represent an innovative and economic approach to the arsenic removal
problem. Metal oxide-based materials were successfully applied for arsenic adsorption from environment
since its pollution problem was noticed. In the Table 1 sorption conditions and capacities for different
arsenic species adsorbents were collected.

Aluminum oxide (Al2O3), also called activated alumina (AA), is produced by thermal dehydration
of aluminum hydroxide, so that the surface can exchange contaminants for hydroxyl groups. It is
characterized by a relatively high surface area (about 200 m2/g) and diverse pore distribution of
macro and micropores. It can be regenerated with sodium hydroxide, followed by neutralization with
sulphuric acid [36]. Currently it is classified by the USEPA as among the best available technology
for arsenic removal in drinking water [44,45]. Activated alumina has strong selectivity to arsenate
ion, is nonhazardous and can be safely disposed on landfills. Among the treatment processes for
the arsenic elimination, Al2O3 adsorption is less expensive than the membrane separation, and more
versatile than the ion exchange process [46]. Aluminum oxide has been widely used in West Bengal
(India) [47]. Its main drawbacks are its pH sensitivity and low regeneration range of about 50–70%
(must be replaced after four to five regeneration cycles) [48]. The surface of activated alumina is
positively charged until the pH is lower than point of zero charge (pHpzc), which for different type
of alumina is around 8.4–9.1 [46]. Dambies [44] in his review reported that the optimum pH value of
oxyanions adsorption onto activated alumina is located in the range of 6–8, where it is predominantly
positively charged, and with the increase of pH, the positive charge of Al2O3 increases, decreasing the
sorption of arsenic oxyanions.

Iron oxide materials are characterized by their low cost and environmental friendliness [49].
They reveal a high affinity towards arsenic oxyanions, which makes it possible to apply them as
adsorbents in water purification. An important mechanism for As(V) and As(III) removal by iron oxides
is surface complexation [41]. However the most popular iron adsorbent used for arsenic removal is
granular ferric hydroxide, and several iron(III) oxide materials (i.e., amorphous hydrous ferric oxide,
goethite, and poorly crystalline hydrous ferric oxide) proved to be promising adsorptive materials for
arsenic removal as well. Oscarson et al. [50] in 1982 investigated amounts of As(III) and As(V) adsorbed
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by pure Fe oxide and Al oxide. They used 0.1 g of each oxide in 70 mL of arsenic solution (adsorbent
concentration 7 g/L) per 0.5–12 h. The adsorption capacities of Al2O3 were confirmed as to 16 mg/L for
arsenite and 24.5 mg/L for arsenate, while for Fe2O3 60.9 mg/g and 21.3 mg/g respectively. In their
previous work they revealed that iron and aluminum oxides do not oxidize arsenite to arsenate [50].
In 2007 Jeong et al. [45] studied the adsorption of arsenate [As(V)] onto Fe2O3 and Al2O3 and they
obtained significantly lower adsorption capacities using similar adsorbates concentrations—0.05–1 g/L
of Fe2O3 and 0.5–6 g/L of Al2O3. The maximum adsorption capacities of Fe2O3 and Al2O3 at pH 6
were estimated from the Langmuir isotherm, and found to be 0.66 mg/g and 0.17 mg/g, respectively.
However, though adsorption capacities for Al2O3 and Fe2O3 are significantly low, they are still one of
the most popular adsorbents used for arsenic removal from water environment.

Lin et al. [46] investigated commercially available amorphous granular activated alumina
(Macherey-Nagel, Düren, Germany) as arsenic oxyanions sorbents. Before sorption, study samples
were dried in the oven at 105 ± 5 ◦C for 24 h and stored in a desiccator for further analysis and
experiments. For better results narrow size ranges of samples were analyzed. Surface area of granular
activated alumina varied from 115 to 118 m2/g. Arsenic sorption studies were conducted from model
concentrations obtained from Na2HAsO4·7H2O (KR Grade, Sigma-Aldrich, St. Louis, MO, USA) and
NaAsO2 (GR Grade, Sigma-Aldrich). Adsorption equilibrium was established within 40 h for arsenite
and 170 h for arsenate and were studied for different pH and concentration of arsenic species. Obtained
data fitted with both Freundlich and Langmuir isotherm equations and all the nonlinear regression
coefficients were larger than 0.93 which indicated that both models successfully describe the partition
behavior between water and the granular activated alumina surface for arsenite and arsenate. Davis
and Misra [35] investigated the influence lanthanum oxide presence on Al2O3 adsorption properties
regarding to As(V) oxyanions. An obtained hybrid oxide system containing of 10% lanthanum oxide
and 90% of aluminum oxide (activated γ-alumina) revealed adsorption capacities of 0.050 mg/g for
H2AsO4

− and 0.029 mg/g for HAsO4
2−, which is a noticeable decrease in comparison with results of

pure aluminum oxide. Researchers recognized optimal pH of the process close to and above the pH of
the point zero charge of activated alumina, where its surface is neutral or negatively charged. Repulsion
of negative ions from negative surface translates to a very low adsorption capacity obtained for their
material in comparison with pure Al2O3 in slightly acidic pH. Perhaps authors could obtain better
results if they had obeyed the basic laws of electrochemistry and set beneficial sorption conditions.

To take heed of cautionary notice on the use of aluminum-based compounds for water treatment
published by World Health Organization in 1997 and problems with granular ferric hydroxide
Manna et al. [47] synthesized crystalline hydrous ferric oxide (CHFO) and investigated its sorption
properties for arsenic removal. Tests were run onto model solutions prepared from sodium metaarsenite
and disodium hydrogen arsenate of A.R. grade (British Drug Houses). CHFO were prepared by
hydrolysis of 0.1 M FeCl3 in 0.01 M HCl with 0.1 M NH3 solution to obtain a pH in the range of 4–5.
The precipitate was aged with the mother liquor for five days, then the acid was removed and material
was dried in 40 ◦C in an air oven. Experiments revealed that adsorption follows a first-order Lagergren
kinetic model and the data fit the Langmuir isotherm. For maximum As(III) and As(V) adsorption
CHO needed 3 and 5 h respectively. The increase of adsorbent drying temperature onto As(V) sorption
from 25 to 300 ◦C resulted in an increase in the number of active sites and porosity due to removal of
physically adsorbed water molecules. The optimum drying temperature for adsorption of inorganic
arsenic species from natural water samples is 200 to 300 ◦C. The surface area of CHO had not been
investigated. The regeneration of arsenic(III)-rich CHFO (As content: 66.6 mg/g) conducted by the
authors revealed that a 1.0 M solution of NaOH or KOH is able to desorb ~60 ± 1% of initial arsenic
content. About 15–20% of adsorbed arsenic does not desorb even in these harsh conditions, which
may be the result of chemisorption or fouling of the adsorbent. Thus after regeneration CHFO will be
15–20% less effective in arsenic adsorption. A total of 99 ± 0.5% of the arsenic content was recovered
from arsenic-rich regenerate, thus the solution obtained after its recovery can be discharged safely onto
surface soil, which prevents its further disposal in the environment.
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Arsenate and arsenite can be successfully removed by zerovalent iron (ZVI), which corrodes in
water environment creating magnetite, a permeable reactive barrier of ZVI in the subsurface. This fact
pushed Su et al. [51] to investigate magnetite as a sorbent for inorganic arsenic. In their research eight
different magnetite types with different surface area and purity of the material were used. Reagent
grade Na2HAsO4 (Aldrich) and NaAsO2 (Baker) were used as the inorganic arsenic source. Below
pH 5.6–6.8 As(V) sorption were favored, while in a pH value above 7, As(III) was strongly attracted
to the minerals. Magnetites revealed an ability to oxidize As(III) to As(V) and the oxidation range
increased with increase of the pH from 2 to 12. The authors suggested the preparation of an engineered
system where magnetite will be a favorable corrosion product of ZVI, which would be effective for
arsenic removal.

However, though adsorption of hazardous metals is an effective removal technique, it does
not cause their annihilation. Some researchers have worked on combining adsorption with other
techniques to completely destroy or remold heavy metals into harmless compounds. One of the
most popular transformation processes is oxidation. Photocatalytic activity of titanium dioxide was
previously used in the oxidation of arsenite to arsenate. Bissen et al. [52] effectively photooxidized
As(III) to As(V) using suspension of TiO2 in water with simulated or natural sunlight as irradiation
sources. However, TiO2 has a low surface area and low adsorption capability, batch experiments
proved that in the natural sunlight part of the arsenic was adsorbed onto it. Moreover it is very hard to
remove the arsenate from contaminated water at the same time as oxidation occurs. Those facts pushed
Zhang and Itoh [53] to combine titanium dioxide with iron oxide and slag (SIOT) to obtain device
for arsenic removal from high-concentration arsenic contaminated wastewaters (100–20,000 mg/L).
They used slag obtained from a municipal solid waste incinerator (Resource Recovery Center of
Toyohashi, Aichi, Japan), TiO2 in an anatase form with purity 99.9% (High Purity Chemicals) and
analytical grade FeCl3 (Wako or Aldrich). Slag (50 g) was aged for 2 days in a NaOH solution to obtain
nearly neutral pH, then FeCl3 solution was added and aged for 12 h on magnetic stirrer and finally 5 g
TiO2 was added. After 2 h the slurry was filtrated and dried at 105 ◦C for 2 h and then at 550 ◦C for
another 1 h. Finally, the composite material has been grinded into separate grains and dried at 105 ◦C
for 24 h under the vacuum. The obtained material’s surface area was investigated by the BET method
(Quantachrome Monosorb MS-21, Boynton Beach, FL, USA) and was equal to 163 m2/g which was
lower than material without TiO2 (196 m2/g) which was previously synthesized by the research group.
The addition of 10% of TiO2 reduced surface area by about 20%. However, though the oxidation of
As(III) to As(V) was rapid and effective, the adsorption of produced As5+ ions was slow. Adsorption
capacity for pure TiO2 was 0.0001 mg/g, while for SIOT increased to 0.0047 mg/g and remained
still very low. Analogical system without the slag (NHITO) was investigated by Gupta et al. [54]
and they obtained slightly different results. Material was prepared in a low temperature process of
slow injection of 10 g TiCl4 into a 0.5 M FeCl3 in hot 0.1 M HCl solution (~60 ◦C) with mechanical
stirring. The pH of the mixture was regulated to 5.0–6.0 with 1 M NaOH. The formed precipitate was
aged for 6 days in mother liquor, washed with deionized water till the alkali were free, dried in air
oven at 60–70 ◦C, cooled with ice cold water, broken into agglomerated particles, and sieved for use.
However, though the BET surface area of the obtained bimetal oxide was equal to 77.8 (±0.2) m2/g,
which is much lower than for material obtained by Zhang and Itoh [53], it was characterized with
a much higher adsorption capacity equal to 85.0 mg of As(III) per g of adsorbent and 14.3 mg of As(V)
per g. Adsorption of arsenic species followed the Langmuir model and was favorable in pH = 7 at
a temperature of around 30 ◦C. Adsorption of the As(III) species is not one of the key factors in arsenic
removal, because those species can be easily oxidized to As(V) ones. The main problem is arsenate
elimination, and for As(V) removal, NHITO is no competition for other adsorbents which are cheap
and available, like crystalline hydrous ferric oxide.

Another metal oxide with the ability to convert arsenite to arsenate is manganese dioxide (MnO2).
Manganese dioxide in its mineral form has been used in water treatment for more than 75 years,
efficiently removing iron, manganese, and arsenic at pH between 5–9 [55]. Manganese oxides are
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very active components of natural environments, able to strongly sorb ions and participate in redox
reactions. They have been identified as the primary electron acceptor in the oxidation of As(III) to As(V)
by freshwater lake sediments [56]. Oscarson et al. [56] investigated arsenic oxidation by manganese
dioxide and proposed mechanism of it, which can be described by five equations:

HAsO2 + MnO2 = (MnO2)·HAsO2 (1)

(MnO2)·HAsO2 + HAsO2 + H2O = H3AsO4 + MnO (2)

H3AsO4 = H2AsO−
4 + H+ (3)

H2AsO−
4 = HAsO2−

4 + H+ (4)

(MnO2)·HAsO2 + 2H+ = H3AsO4 + Mn2+ (5)

The first step of the oxidation process is adsorption of arsenic species creating a layer onto the
MnO2 surface (Equation (1)). Next HAsO2 is oxidized to H3AsO4 with subsequent oxygen transfer.
However when the pH is equal to 7 or less, the predominant trivalent arsenic form is arsenious acid
(HAsO2), the oxidation products dissociate forming almost equal amounts of H2AsO4

− and HAsO4
2−

with little H3AsO4 presence at equilibrium (Equations (3) and (4)). During dissociation each mole of
As(III) release 1.5 moles of hydrogen ions, which should significantly lower the pH of the system when
no other reactions occur. However, after the reaction the solution pH stays close to neutral, which
indicates a reaction of hydrogen ions with adsorbed HAsO2 on MnO2 surface. In such a reaction the
H3AsO4 is formed and manganese is reduced and dissoluted (Equation (5)).

Despite MnO2 being a common and effective oxidizing agent for As(III), it is characterized
by a significantly low surface area, which limits the arsenic sorption capacity of this adsorbent.
To overcome this disadvantage Lei et al. [57] combined MnO2 with iron oxide, which is known
as efficient arsenic adsorbent. Using a hydrothermal method researchers prepared a flower-like
three-dimensional nanostructure Fe–Mn binary oxide and compared its arsenic adsorption properties
with pure manganium oxide and iron oxides. The preparation procedure of Fe–Mn binary oxide
was as follows: In 76 mL of deionized water MnSO4·H2O (0.6830 g), Fe(NO3)3·9H2O (1.6406 g),
K2S2O8 (1.0868 g), and 4 mL of concentrated sulfuric acid were mixed and stirred at room temperature.
The homogeneous solution was autoclaved and preheated to 110 ◦C for 6 h. Impurities were removed
using deionized water and ethanol and then precipitates were dried at 60 ◦C for 8 h. Pure MnO2

and iron oxides were prepared in the same way except that the Fe(NO3)3·9H2O and MnSO4·H2O,
respectively, were absent. The adsorption onto prepared materials had fitted well to the Freundlich
isotherm, which suggested that the adsorption mechanism is a multilayer physisorption. The surface
area was 123 m2/g for Fe–Mn binary oxide, 77 m2/g for MnO2, and 43 m2/g for iron oxides measured
by an unspecified technique. The highest sorption capacities occurred to be 26.50, 23.40, and 11.22 mg/g
respectively. Despite quite a high increase of Fe-Mn binary oxide’s surface area in comparison with
iron or manganium oxide, arsenic sorption capacity increased insignificantly compared to iron oxides.
This fact throws into question the sense of using such hybrid systems in commercial arsenic removal.

Considering the harsh conditions of waste streams containing arsenic pollution, Ren et al. [49]
combined iron oxide with hydrous zirconium oxide, which is characterized by high resistance to acids,
alkalis, oxidants, and reductants. The Fe–Zr binary oxide was prepared by a simple coprecipitation
method at ambient temperature. Ferric chloride hexahydrate (0.05 mol) and zirconyl chloride octahydrate
(0.0125 mol) were dissolved in deionized water (400 mL). During stirring pH was established to the
level of 7.5 by adding sodium hydroxide (2 mol/L). The formed suspension was stirred for 1 h, aged at
room temperature for 4 h, washed with deionized water, filtered, dried at 65 ◦C for 4 h, and crushed.
The surface area of obtained material examined via BET analysis was equal to 339 m2/g with pore volume
of 0.21 cm3/g. The SEM images revealed amorphous structure of obtained binary oxide. The adsorption
of arsenic onto Fe-Zr binary oxide was described well by the Freundlich model. The Langmuir isotherm
failed to describe the adsorption behavior, despite the adsorption capacities having been calculated from
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Langmuir equations and found to be equal to 46.1 mg/g for As(V) and 120.0 mg/g for As (III) at pH 7.0.
Similar research was carried out by Gupta et al. [58,59]. Researchers obtained nanostructure of Fe-Zr
binary oxide (NHIZO) by the hydrolysis of hot (60 ◦C) ferric chloride (0.18 M FeCl3 in 0.1 M HCl) and
zirconium oxychloride (0.02 M ZrOCl2 in 0.1 M HCl). Then the precipitate was aged, filtered, washed
with deionized water, dried at 80 ◦C, and treated with cold water to obtain agglomerated particles
ranging in size from 140 to 290 μm. As opposed to Ren et al. [49], experimental adsorption data fit
well to the Langmuir isotherm. Adsorption capacities were determined by Langmuir model and were
equal 65.5 mg/g for As(II) and 9.4 mg/g for As(III). Revealed data suggests that the As(III) sorption
by NHIZO is physisorption in nature, while As(V) sorption reaction with NHIZO is a chemisorption
phenomenon. However the hydrolysis method is environmentally friendly compared to Fe-Zr binary
oxide obtained by the coprecipitation method, and NHIZO shows much lower adsorption capacities
for arsenic species. Erdoğan et al. [60] obtained a nano ZrO2/B2O3 oxide system which was used for
arsenate ion determination in tap and underground waters. Unfortunately, the authors had not explained
the advantages resulting from use of such an oxide combination. Sorption capacity was determined
using the batch method (pH = 3, room temperature, Langmuir model), and it was equal to 98.04 mg/g.
However, while the obtained material had revealed promising sorption properties in optimal conditions,
its application in the real system had not been tested. The normal range for pH for groundwater systems
is 6 to 8.5 [61], while drinking water must have a pH value of 6.5–8.5, so results obtained by the authors
cannot be related to real conditions.

Kwon et al. [62] immobilized zirconium oxide on alginate beads obtaining a composite adsorbent
for arsenite and arsenate removal, reaching adsorption capacity of 32.3 mg/g for arsenite and 28.5 mg/g
for arsenate. They used alginate as a matrix due to its strong affinity for metal ions. Immobilization
using bead encapsulation is an effective way to prevent ZrO2 to environment. However, though the
obtained material is characterized by a satisfactory adsorption capacity for arsenic ions, the system
reached an equilibrium state within 240 h and the pHpzc of the obtained material was 4.3, which is
much lower in comparison with conventional sorbents like activated alumina.

The adsorption of arsenic oxyanions onto metal oxide materials has been widely studied by
scientists all over the world. Due to the presence of a positive surface charge onto the majority of
adsorbents in low pH, arsenic sorption is favorable in acidic conditions. As can be seen from the
data gathered in Table 1, a lot of experiments were performed in neutral pH, which was estimated as
an optimal value, which suggest that besides electrostatic attraction, another bonding takes place in
arsenic adsorption. Arsenic species are effectively adsorbed in room temperature.
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3. Vanadium Oxyanions

3.1. Vanadium Pollution

Vanadium is a transition metal able to create variety of compounds on oxidation states ranging
from −III to V. This element is characterized by very high solubility, which causes it to distribute
widely in water, soil, crude oil and air [64]. Vanadium is a redox-sensitive element that exists mainly
in oxidation states: V5+, V4+, and V3+ [65]. Vanadium is widely applied in industries like photography,
glass, rubber, ceramic, textile, mining, metallurgy, oil refiling, automobile, and in the production of
pigments and inorganic chemicals [66,67]. Such multiplicitous applications results in the production
of huge amounts of vanadium polluted wastes, which are discharged into environmental waters.
Vanadium has been recognized as a potentially dangerous pollutant in the same class as lead, mercury,
and arsenic [68]. In cases of large accidental spills or dumping of contaminated ash, there may be
major toxic effects on fauna and flora. Vanadium binds strongly to soil particles and sediments, which
makes an immobile element. In European soils vanadium concentration varies between 1.28 and
537 mg/kg [69]. This element can accumulate in some plants, but not in animals. Vanadium can
affect organisms via inhalation of air, ingestion of food or water, or by dermal contact. Vanadium(V)
(vanadate) and vanadium(IV) (vanadyl) oxyanions can have a large effect on the function of a variety
of enzymes either as an activator or inhibitor of the enzyme function [70]. Pentavalent vanadium is
especially harmful to human health—it can cause damage to the respiratory, gastrointestinal, and
central nervous systems and disturbs metabolism [71]. The International Agency for Research on
Cancer had classified vanadium pentoxide as a possible carcinogen. Currently vanadium is on the
USEPA (United States Environmental Protection Agency) Drinking Water Contaminant Candidate
List (CCL3) due to its potential carcinogenic effects [68,72]. Maximum concentrations of vanadium in
drinking water range from about 0.2 to 100 μg/L, with typical values ranging from 1 to 6 μg/L [73,74].

3.2. Characteristic of Vanadium Oxyanions in Aquatic Environment

Baes and Mesmer [75] revealed that vanadium exists in different hydrolyzed forms depending
upon its concentration and the pH of the environment. The pentavalent form is a favored state
of soluble vanadium, due to V(III) and V(IV) easily undergoing rapid oxidation by a variety of
oxidizing agents including air [76]. However, simple reducing agents which are frequently present in
waters, i.e., oxalates, can reduce V(V) to V(IV) [71]. In an aquatic environment pentavalent vanadium
occurs mostly in the presence of oxygen, creating oxyanions [72]. Twelve vanadium species can
coexist in the solution [68]. Under acidic conditions (pH < 3) vanadium(V) exists in cationic form
as VO2

+, while in the neutral-alkaline (pH = 4–11) they occur in neutral (VO(OH)3) and anionic
forms including decavanadate species (V10O26(OH)2

4−, V10O27(OH),5− V10O28
6−) and mono- or

polyvanadate species (e.g., VO2(OH)2
−, VO3(OH)2−, VO4

3−, and V2O6(OH)3−, V2O7
4−, V3O9

3−,
V4O12

4−) [72]. The specification of pentavalent vanadium forms in dependence of the environment’s
pH as shown in Figure 4.

Figure 4. Distribution of vanadium(V) species in function of pH (initial vanadium concentration = 0.5 mM,
T = 25 ◦C, 1 atm, ionic strength 0.15 M NaCl) taken from [74].
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3.3. Oxide-Based Material for Vanadium Oxyanions Adsorption

Vanadium(IV) in contrast to vanadium(V) can be adsorbed onto various oxides and form
complexes with organic matter, which makes it easily removable from the water phase into the
sediment phase. Therefore, the removal of vanadium(V) from industrial wastes is of great importance
for environmental protection. Nowadays vanadium is removed from water using biological, physical,
and chemical techniques [76]. Adsorption, as an environmentally friendly and economic method,
is one of the possible ways to do it.

Naeem et al. [68] examined vanadium adsorption onto commercially available metal oxide
adsorbents currently used for arsenic removal—GTO from Dow, which is adsorbent-based on TiO2,
E-33 from Seven Trents, and GFH (Granular Ferric Hydroxide) from US Filter, which are iron-based
ones. Experimental data revealed that pH in the range of 3.0–3.5 is favorable for vanadium sorption,
which is in agreement with the electrostatic attraction between protonated sites and strongly anionic
metal species. Competition between hydroxide and aqueous vanadium ions for available surface sites
may cause a decrease in vanadate adsorption in high pH values. At a high pH the vanadate anion can
specifically adsorb in the form of HVO4

2− via a ligand exchange process, which is also characteristic
for phosphate, which may suggest similar adsorption behavior of these two oxyanions.

The adsorption capacities for vanadium removal increase in the following order: GTO < E-22 < GFH.
GFH revealed almost four times higher effectiveness than the other iron-based adsorbent E-22, which
may be a result of its higher porosity and surface area, and less crystalline, more amorphous mineralogy.
However, adsorption efficiency differs significantly between tested samples, and all of them gave
similar adsorption isotherm shapes (Figure 5), which indirectly confirms that the same vanadate
sorption mechanism is correct for the different metal oxides/hydroxides. The uptake of vanadate
on oxides/hydroxides occurs through an anion exchange mechanism including the formation of
binuclear-bridged complexes. The change of initial and final pH of the system results from substituting
surface OH− groups with HVO4

2− ions from the solution. The hydroxide ion desorbs from the metal
oxide surface being neutralized by H+ ions, coming from the deprotonation of the H2VO4

2−, forming
a water molecule, which is shown in Figure 6.

Leiviskä et al. [72] examined six commercial iron sorbents in vanadium removal from real
industrial wastewater—commercial iron sorbent (CFH-12), commercial mineral sorbent (AQM), blast
furnace sludge (BFS), steel converter sludge (SCS), ferrochrome slag (FeCr) and slag from a steel
foundry (OKTO). Composition of sorbents was determined via XRF and XRD analyses and are shown
in the Table 2. Experiments were carried out in batch and continuous flow pilot systems.

Figure 5. Vanadium adsorption isotherms obtained for 0.35 g/L dry mass of GFH and E-33, and
0.50 g/L of GTO (25 ◦C, ionic strength 0.01 M NaClO4, initial vanadium concentration 50 mg/L), taken
from [68].

137



Materials 2019, 12, 927

Figure 6. Mechanism of vanadate bonding to the surface of metal (hydr)oxide adsorbents proposed by
Naeem et al. [68].

Table 2. Iron sorbents used for vanadium removal by Leiviskä et al., reproduced from [72]. Commercial
iron sorbent (CFH-12), commercial mineral sorbent (AQM), blast furnace sludge (BFS), steel converter
sludge (SCS), ferrochrome slag (FeCr), and slag from a steel foundry (OKTO).

Material XRF Results XRD Results

CFH-12 83% FeO, 6.1% S, 4.2% MgO, 1.4% SiO2, 1.1% CaO Gypsum (CaSO4·2H2O)
mostly amorphous iron material

AQM
40.1% SiO2, 24.8% Al2O3, 18.3% FeO, 3.4% MgO,

2.9% K2O

Quartz (SiO2)
Muscovite (KAl2(Si3Al)O10(OH, F)2)

Kaolinite (Al2Si2O5(OH)4)

BFS
63.2% FeO, 12.5% CaO, 11.0% SiO2, 2.9% Al2O3, 2.2%

MgO, 1.0% K2O

Hematite (Fe2O3)
Calcite (CaCO3)
Quartz (SiO2)

SCS 90.3% FeO, 5.0% CaO, 1.4% SiO2 56.3%
Magnetite (Fe3O4)
Hematite (Fe2O3)

Cuspidine (Ca4(F1.5(OH)0.5)Si2O7)

OKTO
56.3% CaO, 26.6% SiO2, 6.6% MgO, 3.1% F, 2.3%

Al2O3, 1.3% Cr2O3

Periclase (MgO)
Calcium hydroxide (Ca(OH)2)

Enstatite (Fe0.3Mg0.7SiO3)
Calcium silicate (Ca2SiO4)

FeCr
32.5% SiO2, 25.8% Al2O3, 24.1% MgO, 11.2% Cr2O3,

4.3% FeO, 1.4% CaO

Spinel magnesioferrite
Aluminum iron oxide (AlFe2O4)

Iron silicon oxide
Chromium iron (Cr0.7Fe0.3)

Magnesium aluminum chromium
oxide (Mg(Al1.5Cr0.5)O4)

Firstly, all sorbents (5 g/L) were tested in the original pH (5.8) of wastewater in room temperature.
Commercial iron sorbent achieved the highest vanadium reduction (73%). BFS, SCS, and AQM reached
removal efficiency around 20% (27, 22, and 16%, respectively). OKTO and FeCr reveled vanadium
removal efficiency below 10%. The effect of pH on vanadium sorption with sorbents CFH-12, AQM,
BFS, and SCS were investigated at a fixed sorbent dosage of 10 g/L. CFH-12 was stable in a whole pH
range reaching removal rates at the level of 91–94% and adsorption capacities in the range 4.7–5.1 mg/g.
BFS exhibited the highest vanadium removal of 93% at low pH (4.2–5.0). For AQM and SCS sorbents
the effect of pH was less pronounced, but the lowest efficiencies were observed in high pH. The CFH-12
was proven to be the most effective in vanadium removal, so the authors examined deeply only that
sorbent. CFH-12 was able to reach equilibrium at the level of 10 g/L and adsorption data were fitted
to the Langmuir model, which refers to monolayer sorption phenomenon [77]. The highest efficiency
of that sorbent could be explained by its amorphous structure and high iron content. Amorphous
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iron oxides have a large surface area and hence a greater amount of sorption sites, which results in
a higher adsorption capacity compared with crystalline iron materials. In comparison with other iron
sorbents (Table 3) it can be seen that CFH-12 obtained a much lower sorption capacity, which might be
caused by higher particle size. For iron sorbents, the pH of the environment had a significant effect on
the surface hydroxyl groups’ protonation as well as for the vanadium form. In the studied pH range,
vanadium exists mainly as anionic forms. The increase of efficiency in acidic pH, especially visible
for the BFS sorbent, probably occurs due to the presence of higher amounts of positively charged
surface groups (>Fe-OH2

+) and thus electrostatic attraction between the vanadates and the surface
increases. The surfaces of iron oxides generally have a net positive surface charge at acidic-neutral pH
conditions (pH below the pH of point zero charge of a sorbent). Desorption of vanadium from CFH-12
was investigated to be successful—2 M sodium hydroxide was able to desorb vanadium efficiently.
The recovery and renewed usage of vanadium removed from wastewaters is possible with commercial
iron sorbent. The possibility to reduce its particle sizes could be tested to optimize sorption abilities.

Considering the ability of vanadium to adsorb onto other metal oxides/hydroxides and its behavior
in water, Su et al. [78] established that vanadium should have similar adsorption characteristics to arsenic
and selenium. As activated alumina is an inexpensive and efficient material for arsenic and selenium
removal, researchers decided to test the adsorption of vanadium on its surface. Activated alumina used
in this research was purchased from Tramfloc, Inc. (Tempe, AZ, USA) and was characterized with a BET
surface area equal to 363 m2/g and a pH of point zero charge 8.8. The authors tested five different
initial concentrations of vanadium to test the adsorption capacity of activated alumina. In this work
authors tested also adsorption of arsenic and selenium, and they noticed that all ions act similarly, and
environment pH influences maximum adsorption—it decreases in more acidic conditions and increases
in more basic ones. Previous literature research indicates that arsenic adsorption is favorable in acidic
pH which is in contrast to results presented in this work. Experimental data is presented only vaguely in
the form of graphs, on which it can be seen that adsorbed amount varies from about 1 to about 45 mg/g
in the initial vanadium concentration range of 10–493 mg/L, which is not an impressive result. Such low
adsorption efficiency could be forecasted via a literature survey: in 1971 Golob et al. [79] reported
that vanadium(V) can be only poorly adsorbed on activated aluminum oxide [63]. Unfortunately, data
presented did not provide all derivatives to calculate adsorption capacity, which makes this research
hard to follow and incomparable with other works.

Titanium dioxide is widely applied in water treatment, owing mainly to its photocatalytic
properties. In the case of vanadium, its pentavalent form is not able to be further oxidized. Between
1990 and 2010 some researchers investigated adsorption of vanadium onto TiO2 surface in order to
obtain vanadia-titania catalysts [80–82], which are still used for the catalytic reduction of nitrogen
oxide [83]. Those researchers proceeded onto model solutions and adsorption did not occur as an
effective method to do so. Nevertheless there is still a place for research on vanadium recovery from
real wastewaters by sorbing it onto TiO2 in order to obtain V-Ti catalysts.

Activated carbon derived from various natural materials is one of the most widely used adsorbents
i.e., for removal of organic pollutants [84]. It is known for its extended surface area, microporous
structure, and great sorption abilities [85], however, it reveals a poor ion adsorption capacity. Thus,
Sharififard et al. [66] decided to impregnate it with iron-oxide-hydroxide to increase its affinity to
vanadium oxyanions and create new adsorbent for its removal from water. Commercially available
activated carbon, manufactured by Norit (Amersfoort, the Netherlands) with the trade name Norit
ROY 0.8, was modified via a permanganate/ferrous iron synthesis method. Optimum synthesis
conditions were as follows: concentration of FeSO4 = 0.4 M, contact time = 24 h, and temperature = 55 ◦C.
The obtained hybrid material was characterized by a lower surface area (777 m2/g) but higher vanadium
adsorption capacity (119.01 mg/g) in comparison with pure activated carbon (surface area 1062 m2/g.,
adsorption capacity 37.87 mg/g). The adsorption equilibrium data fitted well with Freundlich isotherm,
which suggested heterogeneous adsorption, what might be caused by the coexistence of different sorption
sites, and/or different sorption mechanisms, or sorption of different vanadium species.
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Carbon nanotubes (CNTs) doped with metal oxides are one of the most effective adsorbents used
by researchers. Gupta et al. [12] prepared multi-walled carbon nanotubes doped with a palladium
oxide (PdO-MWCNTs) adsorbent for vanadium removal. Multi-walled carbon nanotubes (MWCNTs)
were synthesized by CVD method (purity N95%) from raw materials. Pure MWCNTs were treated
with a H2SO4/HNO3 (3:1 v/v) mixture for 8 h at 10 ◦C at ultrasonic conditions. Then product was
washed by deionized water and dried. The obtained acidic-MWCNTs powder was dispersed in
water and combined with Pd(NO3)2·2H2O and NaOH to pH 10. The product was sonificated in
an ultrasonic homogenizer and then stirred at 80 ◦C for 6 h and dried. Vanadium sorption was
investigated by batch experiments. The optimal conditions for vanadium removal were as follows:
pH = 3.0, initial vanadium(V) concentration = 60.0 mg/L, adsorbent dosage = 1.0 g/L, temperature
25 ◦C, and contact time 30 min. Adsorption isotherms and reaction kinetics imply that adsorption
by PdO-MWCNTs could follow the Langmuir model and is a pseudo-second reaction. The highest
vanadium removal efficiency of 93.7% was reached for initial vanadium concentration 60 mg/L and
pH 3. Adsorbent recovery tests had not been proceeded. However, though the PdO-MWCNTs obtained
high adsorption capacity for vanadium removal, their effectiveness had not been enormously high.
Tests were carried only for model solutions. Thus complicated preparation and lack of information of
adsorbent/adsorbate recovery and competitive adsorption of other ions strongly limit their usage.

Raw materials are gaining more and more attention from the research community in the field of
adsorption. They are cost effective and highly available materials [86], which may be able to replace
activated carbon adsorbents. Chitosan is characterized by the high capacity for the sorption of oxyanions,
which are efficiently sorbed in acidic solutions by ionic interactions. This material was investigated in
pentavalent vanadium sorption by many scientists [87–91]. Omidinasab et al. [67] decided to connect
chitosan with magnetite to makes easier the separation after adsorption process. Besides its magnetic
properties, Fe3O4 is characterized by chemical inertness, biocompatibility, non-toxicity, good thermal
stability, and high surface area [92,93], which makes it a perfect material to create environmental friendly
adsorbent. Chitosan was chemically extracted from chitin originating from shrimp shell wastes and
then dissoluted in distilled water. Ferrous and ferric salts were co-precipitated by an ammonia solution
at room temperature while the chitosan solution was slowly dripped into the mixture. Such prepared
nanoparticles (Fe3O4-CSN) were collected using an external magnetic field and washed with distilled
water. For testing the ability of vanadium removal the real wastewater samples originating from oil
refinery were used. Fe3O4-CSN composite occurred to be very efficient—99.9% of vanadium was
removed from the solution. The system reached equilibrium in the very short time of 10 min. Vanadium
sorption is favorable in low temperatures and acidic pH. Kinetic data implies that the reaction was
pseudo-second order, while equilibrium data fit better with the Freundlich isotherm model. Thus
the adsorption onto chitosan-magnetite composite was a combination of physi- and chemisorption.
Thermodynamic data revealed that the process was exothermic and spontaneous. However authors
checked adsorbent only on two solutions in case of vanadium and palladium recovery, they claim that
the Fe3O4-CSN composite can be used effectively for the removal of metal ions and for the treatment
of real wastewaters without remarkable matrix effect. Nevertheless these conclusions seem to be too
far-reaching and their confirmation requires further investigation.

A variety of metal oxides were used for purification of vanadium-contaminated water and
wastewater. Similar to arsenic, vanadium is better adsorbed in acidic conditions, however, satisfactory
results are also obtained in neutral conditions. A comparison of some adsorbents used by researchers
for vanadate removal is shown in Table 3.
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4. Boron Oxyanions

4.1. Boron Pollution and Its Behavior in Aquatic Media

Boron is a metalloid that creates various compounds in five different oxidation states: −V, −I, +I,
+II, and +III. Except for small amount in meteoroids, uncombined boron is never found in the elemental
form in nature. Boron is a naturally found mainly as oxygen compounds (e.g., borate minerals) in
oceans, sedimentary rocks, coal, shale, and some soils [95,96]. Its formation in aquatic environments
is highly dependent on the hydrogen ion concentration—in pH above 8 it exists mainly as boric
acid H3BO3, and below as a borate oxyanion B(OH)4

− [97]. Both of them have solution chemistries
quite different from most other oxyanions. Borate is formed by the addition of a hydroxyl group to
the trigonal planar boric acid molecule, creating a tetrahedral anion. In low concentrations (below
25 mmol/L) boric acid and borate exist as monomers, but with increasing concentration formation of
poly-borate polymers is possible [98]. Boron species distribution is hardly dependent on the pH of the
environment, as shown in Figure 7. Borates are widely used in glass production, as flame retardants,
in leather production, in photographic materials, in wood preservatives and pesticides, as a high
energy fuel, and in soaps and cleaners. Wastewaters polluted with boron are created mostly by glass
producers and facilitate the burning of wood and coal. Boron concentration in water depends on
the geochemical nature of the drainage area, proximity to marine coastal regions, and inputs from
industrial and municipal effluents. In Europe, boron concentration varies from 0.001 to 2 mg/L in
fresh drinking water, and similar values were reported for Russia, Turkey, Pakistan (0.01–7 mg/L),
Japan (0.001 mg/L), and South Africa (0.03 mg/L). The highest concentrations were investigated in the
Americas. In South America, the highest boron concentrations in boron-rich regions varied in range
from 4–26 mg/L, while in other regions it was equal to 0.3 mg/L. In surface waters of North America
boron concentration ranged from 0.02 mg/L to 360 mg/L in boron-rich regions, while the majority of
samples were less than 0.1 mg/L [99]. The guideline value of boron concentration in drinking water
was estimated as 2.4 mg/L by the World Health Organization (WHO) [100].

Figure 7. Distribution of boron species as a function of the solution pH (total boron concentration 0.4
M), taken from [101].

Waterborne boron may be adsorbed by soils and sediments and can accumulate in plants.
Ingestion of high levels of boron can cause nausea, vomiting, abnormally low blood pressure,
convulsions, and red lesions on the skin. Extremely low levels of boron in humans cause an increased
heart rate and change of skin color to blue. High level exposure can affect the central nervous
system, kidneys, and liver, and may be a leading cause of death. Borate in wastewaters is difficult
to treat because it does not generate insoluble compounds with hazardous metal ions or alkaline
earth metals [102]. Conventional means of water treatment (coagulation, sedimentation, filtration)
are not able to remove boron completely, so more advanced and specific methods are needed to
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eliminate it from highly boron-polluted waters [100]. Between those methods, the most effective one is
adsorption technique, due to its simplicity and the possibility to apply it in aqueous media with low
concentrations of boron. Boron adsorption can be conducted on various sorbents, e.g., chelating resins,
polysaccharides, synthesized clay, fly ash, and oxides [103].

4.2. Materials for Effective Adsorption of Boron Oxyanions

According to the literature survey made by Demetriou and Pashalidis [95], aluminum and iron
oxides are the primary boron adsorption surfaces in soils, which encourage them to proceed adsorption
tests using iron oxide (FeO(OH)). The adsorbent, iron-oxide (Fe(O)OH, mesh-325, Aldrich Co) was
used without any further purification or other pre-treatment, while boron solutions were made from
standard boron solution (99.99%, Aldrich Co) by addition of distilled water. Iron oxide’s point
zero charge was reached at pH = 8. The authors investigated the optimal pH in the range of 4–12,
temperature from range 20–70 ◦C, initial boron concentration range from 0.1–7.0 mg/L, and amount
of the adsorbent range from 0.05–2.5. Optimum pH oscillates from 7 to 9 with a maximum at about
8 and it is close to the pHpzc of iron oxide, and slightly lower than pKa (9.2) of the boric acid, which
indicates that the best adsorption occurs when the surface has no charge and boric acid is predominant
in solution. Adsorption capacity was investigated using the Langmuir model at 22 ◦C, and the initial
boron concentration, 55 mg/L, was equal to 0.324 mg/g. The authors underline the importance of
iron oxide as a boric acid adsorbent, because it affects the chemical behavior and migration of boron
in the natural environment and in the purification of industrial wastewaters. It is known that iron
oxide as well as activated alumina are popularly-used adsorbents for industrial wastewater treatment,
not specially for boron removal. In highly boron-contaminated water, iron oxide would not be able to
purify the water because of its low boron sorption capacity.

Peak et al. [104] examined hydrous ferric oxide (HFO) in boron removal obtained even worse
results than Demetriou and Pashalidis [95]. The authors were not able to determine maximum
adsorption capacity of HFO but the adsorbed boron amount tested for three different pHs (6.5, 9.4,
and 10.4) varied from almost 0 to 160 μmol/g, which is extremely low. Moreover, adsorption isotherms
did not display a particularly high affinity of boric acid for the HFO surface—to achieve a high
surface loading, a high solution concentration is necessary. Except for the obtained results, the authors
suggested that boric acid adsorbs via both physical adsorption (outer-sphere) and ligand exchange
(inner-sphere) reactions.

Due to the need to develop alternative and cost-effective adsorbents, Irawan et al. [95] decided
to test aluminum-based water treatment residuals (Al-WTRs) in boron removal. Al-WTRs consist
mainly of aluminum, iron, and silica oxides with some organic compounds and they are generated from
drinking water treatment facilities. Previously the Al-WTRs were investigated as anionic contaminants
adsorbents i.e., fluoride (F−), phosphate (PO4

3−), perchlorate (ClO4
−), arsenate (AsO4

3−), and selenium
(as SeO3

2− and SeO4
2−). A boron solution was prepared from analytical grade H3BO3 and adsorbents

were obtained from three different water treatment plants in Taiwan. Coagulants used in water
treatment plants were aluminum sulfate (sample Al-WTR1) and polyaluminum chloride (samples
Al-WTR2 and Al-WTR3). Before adsorption experiments Al-WTRs were washed with deionized water
to remove impurities, dried overnight in 150 ◦C, crushed and sieved. The chemical composition of used
aluminum water treatment residuals was investigated using aqua regia-HF procedure in a Teflon closed
vessel. Al-WTR1 was characterized by highest Al2O3 content (408 ± 1 mg/g), followed by Al-WTR2
(227 ± 4 mg/g) ad Al-WTR3 (150 ± 2 mg/g). Iron oxide content was similar for all samples and was
equal to 195 ± 3 mg/g for Al-WTR1, 194 ± 3 mg/g for Al-WTR2 and 197 ± 2 mg/g for Al-WTR3.
Silica content was highest in Al-WTR3 (528 ± 2 mg/g), followed by Al-WTR1 (376 ± 1 mg/g) and
Al-WTR2 (322 ± 1 mg/g). Al-WTR1 occurred to be the best sorbent for boron probably due to its highest
alumina content and highest surface area. Silica does not adsorb boron, so its role in boron removal
is negligible, and surprisingly the Al-WTR3 with the highest silica content is characterized by lowest
surface area. The data obtained during experiments fitted the Langmuir adsorption isotherm and the
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reaction rate was described as pseudo-second order model. Adsorption capacities for boron were equal to
0.98, 0.70, and 0.19 mg/g for Al-WTR1, Al-WTR2, and Al-WTR3, respectively. Authors concluded that
aluminum-based water treatment residuals (Al-WTRs) can be used as alternative adsorbent for boron
removal. However, it should be remembered that Al-WTRs will not be as effective as adsorbents designed
specifically for boron removal because they have been designed for general water purification. Thus,
Al-WTRs will not be effective adsorbents for highly boron contaminated water. To make great use from
Al-WTRs in boron removal from industrial wastewaters further research to extend sorption capacity and
affinity for boron compounds must be proceeded.

Adsorbents with magnetic properties are a promising technology for the future of water treatment.
Such sorbents reveal the great potential of functionalization and the effective sorption of different
substances [105]. Magnetic properties enable effective elimination of adsorbent from water treatment
systems which simplifies its regeneration. Fe3O4-based adsorbents are characterized by large surface
area and magnetic recoverability [106]. Considering the facts presented above, Liu et al. [98] tested
Fe3O4 and its two composites derived from magnetite and bis(trimethoxysilylpropyl)amine (TSPA),
and from magnetite and a flocculating agent 1010f (a copolymer of acrylamide, sodium acrylate,
and [2-(acryloyloxy)ethyl]trimethylammonium chloride) in boron removal by means of adsorption.
Pure magnetite was obtained by coprecipitation of Fe(II) and Fe(III) ions in aqueous solution with
ammonia. For Fe3O4-TSPA composite, to 5.0 g of wet magnetite dispersed in water 2.5 mL of TSPA
(Gelest) was added and stirred within 30 min. Composite material was removed from reaction
environment using magnet and washed to inert pH. Second composite was prepared analogically,
the flocculating agent was 0.5 g/L 1010f (Zibo Zhisheng Industrial Co., Ltd., PR China). For adsorption
experiments 3.0 g of the wet particles were dispersed in 50 mL solution at the desired initial boron
concentration, pH, and ionic strength. All of them were carried out using a SHA-C shaking water
bath (Changzhou Guohua Co., Ltd., Changzhou, China) with a shaking speed of 80 rpm at 22 ◦C.
Experimental data revealed that boron adsorption is the most favorable in pH = 6 (three initial pH were
tested and adsorption decreased in order 6.0 > 2.2 > 11.7). From the boron speciation chart (Figure 6) it
can be seen that researchers missed the pH range in which boron oxyanions are formed. Probably if
more careful research or pH influence study had been done, the authors could have obtained much
better results for their adsorbents. For all adsorbents the amount of boron adsorbed is highest in
neutral solution, which may be caused by the creation of hydrogen bonding, and electrostatic and
hydrophobic attractions. In alkaline conditions adsorption is the lowest, what may be the result of
the electrostatic repulsion. Increasing ionic strength decreases adsorption efficiency. The highest
efficiency in boron removal was observed for Fe3O4–TSPA, followed by Fe3O4–1010f, and the pure
Fe3O4. The adsorption decreases with the increase in ionic strength. Adsorbents’ surfaces have the
suitable functional groups and atoms for the formation of hydrogen bonds (including ionic hydrogen
bonds) with boric acid and borate, which can promote the adsorption. The authors determined that
three types of interactions determine boron adsorption onto Fe3O4–TSPA: (i) electrostatic interaction;
(ii) hydrogen bonding; and (iii) hydrophobic interaction and proposed specific mechanism of it.

Öztürk and Kavak [107] investigated boron removal from aqueous solutions by batch adsorption
onto cerium oxide. Maximum boron adsorption was obtained at original pH value of boron solution
(6.18) and 40 ◦C by powdered cerium oxide, but the authors did not give an exact value. Experimental
data were neither fitted to Langmuir nor Freundlich isotherm, which confirmed that boron adsorption
onto cerium oxide is unfavorable.

In their work de la Fuente García-Soto et al. [97] investigated ability of magnesium oxide for boron
removal by means of adsorption from water environment. Researchers were working on commercially
available magnesium oxide produced by Panreac Chemical (Castellar del Vallès, Spain) and solutions
of boric acid supplied by Merck, Darmstadt (Germany) in distilled water. Adsorption isotherms
were prepared by combining growing amount of adsorbent in constant adsorbate solution in time
necessary to reach equilibrium. Then the remaining boron concentration was measured. Conditions
of the process were: Mg/B mol ratio, 20; stirring speed, 200 rpm; stirring time, 2 h; repose time,
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48 h; room temperature; pH 9.50–10.50. Experimental data were compared using the Langmuir
isotherm model. The authors studied the mechanism of boron adsorption onto magnesium oxide
surface and proposed it as a three step chemisorption: (i) hydration reaction of MgO with water
creating a magnesium hydroxide gel possessing active centra over the surface; (ii) alkalization due to
acid–base reaction between magnesium oxide and water; and (iii) stereospecific chemical reaction
between borate ions and active centers. Adsorption is an effective method of medium to high boron
concentrations (50–500 mg/L) and its efficiency is set over 95% of boron removal, which is higher than
natural adsorbent materials such as clays, boron containing minerals, or humic acids. This process
seems to be relatively inexpensive—authors estimated the cost of highly boron-contaminated water
(500 mg/L) purification at 0.96 € per m3. Nevertheless, this process is effective only for medium-high
concentration of boron in the water and adsorbent can be used only in 3 cycles due to irreversibility of
boron adsorption onto magnesium oxide.

Considering the need to design recyclable adsorbent for boron removal Kameda et al. [102]
decided to investigate usage of Mg-Al oxide through the production of Mg-Al layered double
hydroxides intercalated with B(OH)4

−. Maximum adsorption capacity was obtained for Mg-Al oxide
when the Mg/Al = 2 and was equal to 80 mg/g. Recycling of the adsorbent was proposed in two steps:
(i) borate intercalated Mg-Al LDH treatment with carbonate ions in water in order to enable anionic
exchange between carbonate and borate, to produce CO3·Mg-Al LDH, (ii) CO3·Mg-Al LDH calcination
in 400–800 ◦C in order to recover Mg-Al LDH. After regeneration tests the adsorbent maintained
the ability to remove boron from aqueous solution, but efficiency declined significantly—boron
concentration at 480 min of adsorption for the first cycle was 32.3 mg/L, and for the regenerated
adsorbent 62.1 mg/L. Such a low performance of Mg-Al oxide is connected to the decreased crystallinity
and remains of adsorbed boron into the Mg-Al oxide structure. To consider the commercial use of
Mg-Al oxide as boron adsorbent, the regeneration procedure needs to be refined and the contact time
should be significantly reduced.

The adverse effects of boron pollution for living organisms could not be ignored. Research
community developed some efficient borate sorbents based on metal oxides. Borates are preferably
sorbed in alkaline pH. At pH below 8 the main boron compound is orthoboric acid and due to its lack of
charge adsorbed quantity is insignificant. Thus, neutral pH could not be optimal one for boron species
adsorption. The data gathered during the literature survey is shown in Table 4. However many more
adsorbents were discussed in this section, only a few publications included all necessary information.

Table 4. Sorption properties of metal oxide-based adsorbents for boron oxyanions removal.

Adsorbent
Surface

Area (m2/g)
B Concentration

(mg/L)
Adsorption

Capacity (mg/g)
T (◦C)

Contact
Time (h)

pH Ref.

MgO - 50 303.87 room 48 9.5–10.5 [97]

- 500 542.11 room 48 9.5–10.5 [97]

FeO(OH) - 55 0.324 22 ± 3 - 8 [95]

Al2O3-Fe2O3-SiO2
(Al-WTR1) 40.5 ± 5 5–100 0.980 room 24 8.3 ± 0.2 [108]

Al2O3-Fe2O3-SiO2
(Al-WTR2) 34.6 ± 3 5–100 0.700 room 24 8.3 ± 0.2 [108]

Al2O3-Fe2O3-SiO2
(Al-WTR3) 14.5 ± 1 5–100 0.190 room 24 8.3 ± 0.2 [108]

MgO-Al2O3 - 108–648 80.00 30 168 10.5 [102]

5. Tungsten Oxyanions

5.1. Tungsten as an Environmental Threat and Its Performance in Water

Tungsten (W) is a heavy metal which creates compounds in oxidation states ranging from −4, to +6,
while the most stable state is +6. In the environment, it occurs naturally in soils and sediments. In solution
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W is oxidized to soluble WO4 ions. Tungstate is able to occur in various complexes depending on the pH
of the environment and total W concentration. In the range from neutral to alkaline conditions, oxyanion
WO4

2− with tetrahedral coordination is the predominant form. In acidic media, tungsten aims for the
creation of polymeric compound such as paratungstate (i.e., W7O24

6− and H2W12O43
10−) with octahedral

coordination [27,109,110]. Currently tungsten is classified as an “emerging contaminant” of concern by the
U.S. Environmental Protection Agency (EPA) [111]. Its average concentration in the lithosphere varies in
the range of 0.2–2.4 mg/kg [112]. The residence time of tungstate in the solution amounts to about 20,000
years, which is ten times longer than the time needed for ocean mixing resulting in total homogeneity of
water worldwide [113]. This phenomenon causes an increase of tungsten pollution all around the world.
Tungsten was believed to be inert in the environment and less-toxic than other heavy metals, so it was used
in many fields of industry [27,114]. Its major uses are tungsten-cemented carbides, metal wires, turbine
blades, high temperature lubricants, catalysts, incandescent lamp filaments, television sets, heat sinks, and
golf clubs [110,115]. Some phosphate fertilizers may contain 100 mg of tungsten per kg. Moreover it had
been treated as an alternative to lead to produce fishing weights and ammunition. After the ban on lead
shot in the USA and Norway for hunting waterfowl it was used in hunting and recreational shooting.
Pollution prevention program, the Green Armament Technology (GAT), developed by the US Army
proposed the usage of tungsten-tin and tungsten-nylon composites as less hazardous materials for low
caliber ammunition [27,114,116]. Thus in sites of firing activities, such as combat operation zones, military,
commercial, and private shooting ranges, the concentration of tungsten in soil may be higher. In 2005
Strigul et al. [112] reported in probably the first paper on the treatment of tungsten as an environmental
threat revealing that its levels above 1% mass basis (i.e., 10,000 mg/kg) resulted in the death of 95% of
bacterial components (Bacillus subtilis and Pseudomonas fluorescen) in 3 months, and caused death of ryegrass
plants and red worms. Such tungsten concentrations also inhibit the growth of bacterial colonies, what
could possibly deteriorate process performance of biological wastewater treatment systems.

5.2. Adsorption of Tungsten Species

Sorption processes onto the surface of minerals are crucial for regulating the distribution and
mobility of trace metals in natural aquatic environments and soils, and it is hardly dependent on
environmental pH. The mobility of tungstate oxyanion WO4 increases more in alkaline than in acidic
conditions due to the occurrence of increased repulsive force between the negatively-charged mineral
surface and the tungstate oxyanion [114]. Gustafsson [117] investigated tungstate and molybdate
sorption onto ferrihydrite. Results indicated that both adsorptions can be described with two
monodentate surface complexes in a surface complexation model, which does not exclude the existence
of other surface complexes, but suggests their lower importance. Ferrihydrite exhibited a higher affinity
for tungstate than molybdate and both adsorptions were strongly pH-dependent (100% efficiency of W
adsorbed in pH 0–8). Iwai and Hashimoto [27] had adsorbed tungstate ions onto different clay minerals:
metal oxide minerals (gibbsite, ferrihydrite, goethite, and birnessite) and montmorillonite, which is
a phyllosilicate mineral. All materials were synthesized in the laboratory. To determine tungstate’s
affinity for prepared adsorbents batch experiments in three different pHs—3, 6, and 9—were modeled
using the Freundlich equation. Results indicate that the adsorption affinity for WO4 is higher for
metal oxide minerals (especially for Al and Fe oxide minerals) than for montmorillonite. Generally it
follows the order of Al hydroxide or Fe (oxyhydr)oxides (goethite, ferrihydrite, gibbsite) > Mn oxide
(birnessite) > phyllosilicate (montmorillonite) in the whole pH range. The best adsorption capacities
were obtained for acidic conditions (pH 4). Aside from adsorption capacities, researchers evaluated an
influence of the presence of phosphate and molybdate oxyanions on tungstate sorption. Oxyanions of
PO4 and MoO4 revealed higher affinity than tungstate in neutral-alkaline conditions. In acidic media,
tungstate is more preferably adsorbed on clay minerals. Unfortunately, adsorption–desorption tests
had not been conducted, so the reusability of adsorbents remains unknown. Hur and Reeder [114]
investigated tungstate sorption on boehmite, which is an aluminum oxide hydroxide (γ-AlO(OH))
mineral. Boehmite occurs naturally as a common weathering product and is known as an effective
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sorbent for cations and anions. Adsorption was investigated during batch uptake experiments for
a range of tungsten concentrations from 50 to 2000 μM, at pH 4, 6, and 8 and two different ionic
strength 0.01 or 0.1 M (calibrated with NaCl). Adsorption edges exhibits the general behavior for
anions, with maximum sorption in pH range 5.0–5.5. With pH increase the sorption ability decreases,
with minimum values around the point of zero charge of boehmite, which is 8.6–9.1. A smaller
decrease in sorption is observed at pH values below 5. Tungstate reveals a strong affinity for the
boehmite surface at acidic and neutral pH. The greatest sorption of tungsten was observed at pH 4.
The maximum uptake of tungstate has not been clearly determined, and adsorption capacities varied
between 7.35 and 132.36 mg/g for optimal pH conditions. Lack of maxima suggest that tungstate
sorption is not limited by surface site availability over the studied concentration. Desorption tests
revealed that tungstate sorption is irreversible at pH 4, and slightly reversible at pH 8. However,
boehmite shows good adsorption properties, but it has limited application possibilities due to its
irreversible adsorption character.

Due to their large surface area and small diffusion resistance, magnetic adsorbents are of great
interest. Afkhami et al. [109] investigated the effectiveness of Ni0.5Zn0.5Fe2O4 prepared according
to the chemical co-precipitation method at room temperature for four different oxyanions’ removal,
including W(IV). The adsorption capacity was in the order W(VI) > Cr(VI) > Mo(VI) > V(V) and for
W(IV) was significantly higher than for other investigated oxyanions—72 mg/g. Desorption efficiency
exceeded 98% while process was carried using 2 mol/L NaOH, as the most effective eluent and its
equilibrium was reached in 15 min. Thus recovery of such adsorbents should be possible. Prepared
nanomaterial can be easily dispersed in water, and due to its magnetic properties can be easily removed
from the adsorption environment. The authors predict that Ni0.5Zn0.5Fe2O4 nanocomposites could be
candidates for the removal of trace amounts of chromium, molybdenum, vanadium, and tungsten ions.

Due to the late discovery of tungsten’s harmful properties, only few works consider its removal
via means of adsorption onto metal oxide-based materials. Researchers are at the beginning of the
road to find effective sorbents for W contamination’s removal. Specific data gathered during literature
studies were presented in Table 5. From the research already proceeded it is known that tungsten is
favorably sorbed in acidic conditions at room temperature. In such conditions the surface of Fe, Al, and
Mn oxides is positively charged, which enables tungsten oxyanions to bond via electrical attraction.
However specific mechanism of tungsten adsorption still needs to be discovered and confirmed.

Table 5. Sorption properties of metal oxide-based adsorbents for tungsten oxyanions removal.

Adsorbent
Surface

Area (m2/g)

W
Concentration

(mg/L)

Adsorption
Capacity
(mg/g)

Temperature
(◦C)

Contact
Time (h)

pH Ref.

Ni0.5Zn0.5Fe2O4 - 10–250 72 25 0.5 5 [109]

Boehmite
(γ-AlO(OH) 136 1000 7.35–132.36 room 24 4 [114]

Birnessite
(MnO2) - 18–359 6.15 25 24 4 [27]

Ferrihydrite
(Fe2O3) - 18–359 30.24 25 24 4 [27]

Gibbsite
(Al(OH)3) - 18–359 49.82 25 24 4 [27]

Goethite
(α-FeO(OH)) - 18–359 43.12 25 24 4 [27]
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6. Molybdenum Oxyanions

6.1. Molybdenum Pollution and Behavior of Molybdenum Species in Water

Molybdenum is a transitional metal occurring on oxidation states from −II to +VI [118], which
are easily convertible into each other. Naturally it is found only in minerals such as molydbenite,
wulfenite, ferrimolybdite, and jordistite, which are mostly used for its commercial production [118].
Its main uses are metallurgical applications and as an alloying element in the production of stainless
steel or cast-iron alloys. It is also crucial for the flame retardant, pigment, and catalyst industries [119].
The chemical properties of molybdenum exhibit similarities to tungsten and vanadium more than
to chromium [118]. In an aquatic environment its main oxidation state is +VI on which it creates
oxo/hydroxospecies, including polyanions. In natural waters Mo occurs mostly in inorganic forms
on +V and +VI oxidation state as oxyanions such as MoO4

3−, HMoO4
2−, H2MoO4

−, HMoO4
−, and

MoO4
2− depending on the pH of the environment [120]. In pHs on the level of 5–6 the dominant form

is the molybdate anion, MoO4
2−. In more acidic conditions molybdate is protonated to the less charged

anionic species (HMoO4
−) and in strongly acidic media the neutral molybdic acid MoO3(H2O)3 is

created. In high molybdenum concentrations at pH below 5–6 it is able to form isopolymetalates such
as Mo7O24

6− or Mo8O26
4− [121]. The distribution of molybdenum species in the function of the pH is

shown in Figure 8.

Figure 8. Distribution of Mo species in function of pH (initial molybdenum concentration = 10 mM),
taken from [122].

However, though its presence is essential for life on Earth, due to its ability to form active sites for
many enzymes (such as xanthine oxidase, aldehyde oxidase, and hepatic sulphite oxidase [118]), that
catalyze redox reactions, in high concentrations it is toxic [121,123], and may pose health problems.
Subchronic and chronic oral exposure, i.e., by drinking Mo polluted water, results in gastrointestinal
disturbances, growth retardation, anemia, hypothyroidism, bone and joint deformities, liver and
kidney abnormalities, sterility, and also death [119]. Most molybdate compounds are harmful and
toxic when injected intraperitoneally or orally in large doses (400–800 mg per kg of body weight).
The WHO established 70 μg/L as a maximum molybdenium concentration in drinking water. Total
molybdenum concentrations in fresh waters range from 0.03 to 475 μg/L [121]. Near the industrial
sources like molybdenum mining areas its concentration in surface water can reach 200–400 μg/L,
while in groundwater to even 25,000 μg/L [119]. The molybdate ion MoO4

2−, as the most common
oxyform of this element, occurs in many types of industrial wastewaters i.e., wastewater from a styrene
monomer plant (1000 mg/L), scrubber effluent of a municipal solid waste incinerator (0.95 mg/L)
and mining water (0.1–2.2 mg/L) [119]. Thus effective methods for molybdenum removal need to
be discovered.
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6.2. Adsorbents for Molybdenum Removal from Water Environment

Adsorption as a relatively cheap and effective method for many oxyanions removal had also been
considered for molybdenum oxyanions elimination. Iron, aluminum, and, to some extent, titanium
oxides may be important adsorbent minerals for MoO4

2−, as they may acquire positive charge at low
pH [123].

Goldberg et al. [124] were interested in molybdenum adsorption onto Al and Fe oxide minerals
and their adsorption mechanisms. Molybdenum adsorption on oxides exhibited maximum near
pH 4 and iron oxides were more efficient adsorbents than aluminum oxides. Experimental data were
fitted well to the constant capacitance model, which assumes an inner-sphere adsorption mechanism.
Adsorption of Fe oxides based on a weight increased in the order: hematite < goethite < amorphous
Fe oxide < poorly crystalline goethite, while for Al oxides: δ-Al2O3 < gibbsite < amorphous Al2O3.
Adsorption of molydbdeum oxyanions onto aluminum oxide was a subject of research of many
scientists [125–129] due to application of Co-MO-Al2O3 catalysts for hydrotreatment of petroleum
fractions. Luthra and Cheng [126] examined molybdates (Mo7O24

6− and MoO4
2−) onto γ-alumina

via Molybdenum-95 NMR Study. Both oxyanions were attracted to the positively charged alumina
surface in pH lower than the isoelectric point of the alumina (pH 8.5). NMR studies showed that
Mo7O24

6− after the contact with alumina decomposes to MoO4
2− in minutes. The decomposition

was believed to be caused by the increase in the pH of the impregnation solution inside the pores
of the alumina. Wu et al. [128] investigated competition adsorption for oxyanions of similar affinity
to the γ-Al2O3 surface: molybdate, selenite, selenate, chromate, and sulfate. Specific surface area of
obtained γ-Al2O3 was measured by BET method and was equal to 100 m2/g. Molybdate and selenite
are both strongly binding adsorbates—molybdate depresses selenite sorption at acidic pH and selenite
suppresses molybdate sorption at alkaline conditions. The affinity for aluminum oxide surface was the
highest for molybdate oxyanions, followed by selenite, selenate, sulfate, and chromate, respectively.

Xu et al. [33,123] investigated the influence of presence of phosphate, sulfate, silicate, and tungstate
anions on the adsorption of molybdate onto goethite under anoxic conditions. Experiments were
conducted in a glove bag (N2), which maintained oxygen concentration on the 1 mg/L level. Goethite
slurry was synthesized by the researchers. Results indicated that MoO4

2− adsorption on goethite
obeys the Langmuir model. Adsorption capacity of MoO4

2− on goethite amounted 25.9 mg/g at
pH 4. Competition tests revealed that an affinity for goethite follows the order phosphate > tungstate
> molybdate > silicate > sulfate. Adsorption of Mo seems to be more affected by the presence of the
phosphate than the tungstate anion, which is attributable to increased repulsion between Mo and more
negatively charged surface sites after phosphate adsorption onto goethite surface. The goethite surface
probably contains adsorption sites common for Mo, P and W anions, as well as specific for each element.
Gustafsson [117] examined molybdate and tungstate adsorption to ferrihydrite synthesized by author.
However, though tungstate revealed a higher affinity for ferrihydrite, Mo oxyanions were sorbed
effectively. Molybdate sorption was strongly pH dependent—the best efficiencies were obtained for
acidic pH, which correlates with previous research.

Iron(II, III) oxide (Fe3O4) were used in water purification due to its magnetic properties. The main
drawback of magnetite usage is its dissolution in water. High iron concentrations are toxic for
humans and other living organisms. Consider that Keskin [120] decided to use an Fe3O4-embedded
1,3,5-triacryloylhexahydro-1,3,5-triazine-acrylamide hybrid polymer for molybdenum oxyanions removal.
Triazine compounds are able to create complexes with iron ions which connected with polymeric network
prevent iron release. The triazine molecules were used as a crosslinker and the polymeric material was
synthesized by free radical polymerization. Adsorption tests were performed for pure Fe3O4, Fe3O4

embedded hydrolyzed, and nonhydrolyzed polymers. The highest removal efficiency was obtained at
pH 2.5 and pure magnetite was subtly more effective than both composite materials (97% for Fe3O4

and 96.87% and 96.36% for hydrolyzed and nonhydrolyzed polymers). The iron release between
those three materials varied insignificantly—the highest value was noted for magnetite—1.16 mg/L,
followed by magnetite embedded by nonhydrolyzed polymer—1.02 mg/L, and the lowest value of
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0.22 mg/L characterized magnetite-embedded by hydrolyzed polymer. Kinetic studies and isotherms were
investigated only for an Fe3O4-embedded hydrolyzed acrylamide -1,3,5-triacryloylhexahydro-1,3,5-triazine
polymer. The experimental data was fitted well to the pseudo-second-order kinetic model and Langmuir
isotherm. Maximum Langmuir adsorption capacity was equal to 0.213 mg/g. Author performed reusability
tests of obtained material by HNO3, CaCl2, NaOH, EDTA, HCl, and HCl/HNO3 solutions. The best
results were obtained by CaCl2 treatment—sorption efficiency for molybdenum removal after regeneration
increased to 97%, while its mass decreased from 0.25 g to 0.21 g, which throws into question if the adsorbent
surface was chemically modified by the regenerating medium.

An innovative, attractive, and economical approach for oxyanion removal is the usage of sorbent
materials consisting of a matrix and a proper adsorbent. Verbinnen et al. [119] decided to test
zeolite-supported magnetite for the removal of molybdenum. The material was supposed to combine
good sorption affinity for oxyanions (magnetite) and high cation affinity for cations (zeolite matrix).
The composite was obtained by precipitating magnetite onto zeolite surface from Fe(II) and Fe(III)
salts, and the final magnetite to zeolite ratio was equal to 1:2. A molybdenum model solution
was prepared by dissolving Na2MoO4·2H2O in ultrapure water. Sorption was the most effective
in a strongly acidic environment (pH = 3), where maximal adsorption of MoO4

2− and minimal adsorbent
dissolution (Fe concentrations–0.34 mg/L, Al concentrations—0.012 mg/L). The adsorption capacity
for molybdenum in optimal conditions (pH = 3 and 25 ◦C) is 17.9 mg per gram of adsorbent. In
the absence of molybdenum the point zero charge of the obtained composite lies around the pH = 4,
so below that value its surface is charged positively. In the presence of Mo the point zero charge is
no longer observed and magnetite-zeolite surface is negatively charged into whole studied pH range
(2–10). That facts indicated a chemical adsorption of MoO4

2−, which causes the shift of pHpzc to a lower
value. Negatively charged Mo species (HMoO4

− and MoO4
2) are pulled toward composite surface via

electrostatic forces and bind chemically to the Fe(III) present on magnetite surface. Such a connection
results in a negative charge of the composite, even below pH 4, and lowering of the zeta potential.
In pH 4–6.5 where the composite surface is negatively charged, the attractive specific sorption forces
still overcome the repulsive electrostatic forces, which indicate that molybdenum adsorption onto
the magnetite-zeolite surface is a specific chemisorption process. The maximum adsorption capacity
increases from 13.6 mg/g at 4 ◦C to 20.2 mg/g at 40 ◦C, which indicates the endothermic adsorption.
Kinetic data fits well to pseudo second order equation. Experimental results indicate that Mo adsorption
is better fitted by the Langmuir isotherm, which indicates chemical bonding between the adsorbent
and adsorbate, assuming the formation of a Mo monolayer onto the magnetite-supported zeolite
surface. In conclusion, the molybdenum is adsorbed onto the magnetite-supported zeolite composite via
formation of an inner-sphere FeOMoO2(OH)·2H2O complex. Such a sorption mechanism was verified
for different iron oxides, like goethite and feriihydrite, by Goldberg et al. [124] and Gustafsson [117].
In their later research Verbinnen et al. [130] had tested magnetite supported zeolite sorption abilities in
real industrial wastewater coming from the wet treatment of flue gases from a rotary kiln for industrial
waste combustion. The samples were obtained from Indaver, a waste treatment company in Belgium.
However, though cations were removed by coagulation and flocculation, and mercury by precipitation
with trimercaptotriazine (TMT) by Indaver, the effluent contained oxyanion-forming elements (like
Mo and Sb). Anions like chloride and sulphate are hardly affected by the precipitation/flocculation
treatment. Researchers increased pH from 1 to optimal sorption value—3.5. The initial concentration of
Mo oxyanions was 872 μg/L and after treatment it decreased to 7 μg/L while the adsorbent concentration
was 20 g/L. The adsorption order on zeolite-supported magnetite is Mo(VI) > Sb(V) > Se(VI) in both
synthetic and real systems.

Molybdenum sorption onto metal oxide-based adsorbents has not been a subject of research of
many scientists. Adsorption data gained by literature survey is gathered in Table 6. Adsorption of
molybdates is favored in acidic pH in room temperature.
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Table 6. Sorption properties of metal oxide-based adsorbents for molybdenum oxyanions removal.

Adsorbent
Surface

Area (m2/g)

Mo
Concentration

(mg/L)

Adsorption
Capacity
(mg/g)

Temperature
(◦C)

Contact
Time (h)

pH Ref.

Fe3O4 embedded
hydrolyzed triazine

polymer
- 2.5 0.213 25 2.5 2.5 [120]

zeolite-supported-Fe3O4 74.5 1 17.92 25 24 3 [119]

Goethite
- 1 1.76 25 24 3 [119]

43.96 0–32 25.9 room 17 4.0 ± 0.1 [33,123]

Hematite - 1 1.43 25 24 3 [119]

7. Conclusions

In spite of the fact that metal and metalloid oxyanion pollution is a real phenomenon and their
elimination is the subject of increased interest of scientific communities, due to the lack of data in
published papers the results are incomparable to each other. Authors are unwilling to share exact
results of their work, which cause replication of the same studies over and over again by different
research teams. In addition most of the research is carried out only on model solutions, so proposed
methods might not be applicable as such for the removal of oxyanions from industrial wastewaters,
because they are more complex systems containing other oxyanions and compounds, that can compete
and interact with each other. Some research in the field of competitive adsorption was held, but the
exact mechanisms of oxyanion behavior in solution are still unknown. Thus single sorbate and single
mineral adsorption studies in the laboratory may not be directly applicable [131].

The presented literature review unambiguously indicates the complexity of the process of removing
metal oxyanions from aqueous systems via adsorption. In contrast to metal cations, which have been
extensively studied and described in scientific papers, oxyanions studies are not entirely clear. Analysis
of the Mn+ ion removal process indicates the optimal conditions for its realization, which depend on
many factors such as the type of cation, the type of sorption material and its physicochemical parameters,
as well as the parameters of the adsorption process. The key element seems to be the pH of the adsorption
environment—for metal cations, in most cases analyzed, the optimal pH at which the highest removal
efficiency is observed is pH = 5–6. This is related to the Pourbaix diagrams, indicating pH, beyond
which precipitation of appropriate forms of metal hydroxides will occur. In this aspect, one should also
remember the influence of pH on the nature of the sorbent functional groups, which can be protonated
(at low pH values) or deprotonated (at higher pH values). This is important when defining the adsorption
mechanism, which in the case of Mn+ is based on electrostatic interactions—attraction when the charge
of functional groups is different from the Mn+ charge or repulsion when these charges are the same.
In this respect, the oxyanion adsorption is definitely more complex. The probable mechanism of oxyanions
adsorption on the surface of (hydr)oxides has been presented in Figure 9.

Figure 9. Mechanism of metal oxyanions adsorption onto metal (hydr)oxide-based sorbents.
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Moreover, a significant majority of papers pertain to arsenic removal, which is visible on the
statistic presented in Figure 10. In comparison with arsenite and arsenate, research related to other
oxyanions is infinitesimal and so is its significance in scientific work.

 

Figure 10. Bar chart of the number of articles per year about oxyanions adsorption for the 1989–28
January 2019. The statistical data was obtained by searching “adsorption metal oxide arsenite and
arsenate/vanadate/borate/tungstate/molybdate” in the Scopus data base as title and keywords.

The environment pH influences as well metal chemistry in solution (occurrence of various
oxyforms) as the metal (hydr)oxide surface’s protonation/deprotonation [68]. Thus in most cases it is
the determining factor of adsorption effectiveness, but unfortunately for research results it is neglected.

The spectrum of speciation forms of oxyanions of the relevant metal is very wide, which translates
into their random behavior in aqueous solutions, especially those with varying pH. Unfortunately,
the aspect of the effect of pH on the efficiency of oxyanion-binding by various sorbents, e.g., those
presented in the literature review, is treated fairly generally, and in some cases even overlooked.
This hinders the interpretation of the dependencies obtained and introduces confusion regarding the
comparison of the behavior of various sorption materials towards the removal of these types of impurities
from aqueous solutions. The presented comparisons unequivocally do not indicate optimal conditions
for the removal of a particular oxyanion group using the available sorption materials. It seems that
the mechanism of their binding should be at least similar for different sorbents, and as a result it is
completely random. Analyzing at least the effect of the pH discussed earlier, one would expect such an
environment pH, which would enable a strong attraction between the positively charged surface of the
sorbent and the negative form of most metal oxyanions. On the other hand, paying attention to the type
of sorption material, it would be important to use one which after synthesis or preparation would exhibit
a significant positive charge that could ensure strong interaction with oxyanions. These issues should not
be problematic when conducting research on model solutions, which are different to real wastewaters as
their composition is diverse (high concentrations of components and their diversity) and can affect the
selective adsorption of individual components. All oxyanions presented in this review, excluding borates,
are preferably adsorbed in acidic media, due to the positive electrical charge present on adsorbents’
surfaces. Electrostatic attraction is one that the most important mechanism of oxyanions bonding.

The following issues seem to be worth analyzing here:

• The role of sorption material, and in fact its physicochemical parameters designed at the synthesis
stage—the presence of functional groups exhibiting a positive charge, facilitating the binding of
negatively charged oxyanions;

• The influence of the pH of the adsorption environment on the nature of functional groups of the
sorption material and the form of oxyanions in aqueous solutions, so important analyzing their
potential interactions;
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• Selectivity tests of sorption materials towards various metal oxyanions, which in the scientific
papers published so far are effectively omitted, inversely as in case of sorption of metal cations,

• The effect of the presence of other components of wastewater on the sorption efficiency of
a particular oxyanion group.

In these aspects, the presented scientific papers leave considerable dissatisfaction, and on the
other hand, they open a wide range of activities to optimize the process of removal of these particularly
“uncomfortable” inorganic impurities present in water systems. This all is more justified when
analyzing the number of works published on this subject.
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PyroloxTM material. Nanoscale Res. Lett. 2017, 12, 1–9. [CrossRef]
56. Oscarson, D.W.; Huang, P.M.; Hammer, U.T.; Liaw, W.K. Oxidation and sorption of arsenite by manganese

dioxide as influenced by surface coatings of iron and aluminum oxides and calcium carbonate. Water Air
Soil Pollut. 1982, 20, 233–244. [CrossRef]

57. Lei, M.; Qin, P.; Peng, L.; Ren, Y.; Sato, T.; Zeng, Q.; Yang, Z.; Chai, L. Using Fe-Mn binary oxide
three-dimensional nanostructure to remove arsenic from aqueous systems. Water Sci. Technol. Water Supply
2016, 16, 516–524. [CrossRef]

58. Gupta, K.; Biswas, K.; Ghosh, U.C. Nanostructure iron(III)-zirconium(IV) binary mixed oxide: Synthesis,
characterization, and physicochemical aspects of arsenic(III) sorption from the aqueous solution. Ind. Eng.
Chem. Res. 2008, 47, 9903–9912. [CrossRef]

59. Gupta, K.; Basu, T.; Ghosh, U.C. Sorption characteristics of arsenic(V) for removal from water using
agglomerated nanostructure iron(III)-zirconium(IV) bimetal mixed oxide. J. Chem. Eng. Data 2009, 54,
2222–2228. [CrossRef]
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Abstract: Nowadays, novel and advanced methods are being sought to efficiently remove dyes from
wastewaters. These compounds, which mainly originate from the textile industry, may adversely
affect the aquatic environment as well as living organisms. Thus, in presented study, the synthesized
ZrO2–SiO2 and Cu2+-doped ZrO2–SiO2 oxide materials were used for the first time as supports
for laccase immobilization, which was carried out for 1 h, at pH 5 and 25 ◦C. The materials were
thoroughly characterized before and after laccase immobilization with respect to electrokinetic stability,
parameters of the porous structure, morphology and type of surface functional groups. Additionally,
the immobilization yields were defined, which reached 86% and 94% for ZrO2–SiO2–laccase and
ZrO2–SiO2/Cu2+–laccase, respectively. Furthermore, the obtained biocatalytic systems were used for
enzymatic decolorization of the Remazol Brilliant Blue R (RBBR) dye from model aqueous solutions,
under various reaction conditions (time, temperature, pH). The best conditions of the decolorization
process (24 h, 30 ◦C and pH = 4) allowed to achieve the highest decolorization efficiencies of 98% and
90% for ZrO2–SiO2–laccase and ZrO2–SiO2/Cu2+–laccase, respectively. Finally, it was established
that the mortality of Artemia salina in solutions after enzymatic decolorization was lower by approx.
20% and 30% for ZrO2–SiO2–laccase and ZrO2–SiO2/Cu2+–laccase, respectively, as compared to the
solution before enzymatic treatment, which indicated lower toxicity of the solution. Thus, it should
be clearly stated that doping of the oxide support with copper ions positively affects enzyme stability,
activity and, in consequence, the removal efficiency of the RBBR dye.

Keywords: inorganic oxide materials; surface functionalization; enzyme immobilization; laccase;
dyes decolorization

1. Introduction

Laccases are oxidoreductases which catalyse the oxidation of a wide variety of organic compounds,
including mono-, di- and polyphenols as well as aliphatic and aromatic amines [1]. These enzymes
are widespread in nature and most commonly extracted from white or red rot fungi, such as
Trametes versicolor or Trametes vilosa [2]. Four adjacent copper atoms are located at the active sites
of laccase which correspond to the blue color to the enzyme molecule, hence the protein is often
called “blue oxidase”. The mechanism of reactions catalysed by laccases involves the oxidation of the
substrate molecule to radicals and simultaneous reduction of the oxygen molecule into two water
molecules [3]. Due to wide substrate specificity, laccases are used in many industrial processes, such as
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wood pulp delignification, purification of contaminated water and wastewater treatment as well as in
bioremediation and decolorization of textile dye effluents [4].

The high amount of pollutants results in increasing interest in searching for new methods of
their removal. Methods such as adsorption, sedimentation, coagulation, membrane techniques or
photocatalysis are used for this purpose. However, these techniques are characterized by insufficient
efficiency [5,6]. Therefore, the microbiological and enzymatic degradation of harmful compounds
is increasingly employed. Unfortunately, due to the properties of native enzymes, such as low
stability, narrow pH and temperature range of high catalytic activity, there is a need to use methods
for their improvement [7]. It should be emphasized that various strategies are used to improve the
thermal and chemical stability of the biocatalysts as well as to prolong their activity and facilitate their
reusability, such as protein engineering, chemical modification or enzyme immobilization (which is
used most frequently) [8,9]. Immobilization enhances the feasibility of the process, its economy as
well as purity of the products [10,11]. Moreover, it is possible to carry out one-step immobilization
and simultaneous purification of enzymes [12]. Immobilized metal ion affinity chromatography
(IMAC) is also an interesting method of enzyme purification, which is based on covalent binding
of the chelating compounds onto chromatographic support. The entrapment of metal ions and
their high affinity to enzyme facilitate rapid peptide purification and production of heterogeneous
biocatalysts. Due to its simplicity and relatively low costs, this method is used with increasing
frequency in various branches of the industry [13,14]. Nevertheless, it should be clearly stated
that only a proper realization of immobilization process increases enzyme rigidity or generates a
stabilizing and protective microenvironment for the biomolecules. In this regard, multipoint enzyme
immobilization which improves the biocatalytic properties of biomolecules by providing stable
enzyme–matrix interactions and reducing subunit dissociation is crucial, particularly for multimeric
enzymes such as laccases and most of the dehydrogenases [15]. Additionally, other enzyme features
such as selectivity, specificity, purity, resistance to inhibitors and stability at harsh environmental
conditions may also be improved [16–18]. Furthermore, the immobilization of biocatalysts allows
to practically use the enzymes for degradation of pollutants, which has recently gained great
scientific interest [19]. For instance, Koloti et al. [20] immobilized laccase onto hyperbranched
polyethyleneimine/polyethersulfone (HPEI/PES) electrospun nanofibrous membrane and used this
system for removal of bisphenol A. An approach for the removal of the same compound, which included
immobilization of laccase onto Hippospongia communis spongin scaffolds, was proposed by Zdarta et
al. [21]. Nevertheless, it should be noted that not only phenol and its derivatives may be degraded using
immobilized laccases. Interesting examples have been presented by Bayramoglu et al. and Gioia et al.,
which were focused on the immobilization of laccase onto poly(hydroxyethyl methacrylate-co-vinylene
carbonate) and thiolsulfinate-agarose, respectively. The obtained systems were used for degradation
of Cibacron Blue 3GA, Acid Red 88 and Acid Black 172 [22,23]. It should also be underlined that
proper selection of a suitable support has a significant impact on the effectiveness of the immobilization
as well as on the final properties of the produced biocatalytic system. Moreover, the industrial
processes carried out at various conditions, e.g., at high temperature and pressure or in the presence
of salts and organic solvents, require stabilization of multimeric enzymes [24,25]. Therefore, novel,
multifunctional supports for enzyme immobilization, which are characterized by numerous different
functional groups on their surfaces, are highly required. The presence of different moieties improves
enzyme stability and reusability by formation of covalent bonds between the biomolecules and the
support. Particularly, hydroxyl, epoxy, carbonyl and divinylsulfone groups are of high importance [26].
However, it should be mentioned that heterofunctional supports also possess disadvantages, as a
specific pH value (approx. 10) is required in case of carbonyl groups to form covalent bonds [16]. Thus,
hybrid oxide systems should be distinguished among the support materials due to the presence of
numerous –OH groups onto their surface. Research carried out by Pezella et al., which included the
use of perlite (mixture of SiO2, Al2O3, Na2O, K2O, Fe2O3, MgO and CaO) for immobilization of laccase
and verification of this biocatalytic system in the process of decolorization of Remazol Brilliant Blue
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R dye, confirm the previously mentioned statement [27]. Nevertheless, only a few literature reports
concerning the use of the aforementioned materials for immobilization of laccase and removal of
dyes can be found to date. Hybrid oxide materials, such as SiO2–Fe3O4 [28,29], TiO2–ZrO2–SiO2 [30]
or graphene oxide enriched by inorganic additives [31,32], were used for the removal of dyes from
wastewater. It should also be mentioned that nanoparticles of ZnO/MnO2 chelated with Cu2+ were
used as a support for laccase, and allowed to achieve more than 85% degradation of the Alizarin Red S
dye [33]. Despite numerous studies regarding the immobilization of laccase on various supports, new
support materials are still being sought for improvement of the effectiveness of biocatalytic processes.
This fact is caused by the necessity to deeply understand the kinetics of pollutants degradation, in case
of which the substrates consist of various phenolic compounds at different concentrations and various
origins [34].

Taking the aforementioned information into account, the decolorization efficiency of Remazol
Brilliant Blue R by laccase immobilized onto ZrO2–SiO2 and ZrO2–SiO2/Cu2+materials was determined
in the presented study. The use of zirconia–silica hybrid supports is determined by the need to search
for more effective support materials and methods of enzyme immobilization, and hence, more
efficient biocatalytic systems. Moreover, laccase immobilization onto the obtained porous oxide
materials by adsorption did not alter the three-dimensional structure of the enzyme and may provide a
stabilizing microenvironment for the biomolecules, and thus increase their catalytic activity and stability.
Nevertheless, it should be mentioned that enzyme stabilization due to adsorption is challenging.
This is associated with the blocking of pores of the support as well as the formation of physical
interactions which lead to the partial inactivation of the enzyme, as suggested by dos Santos et al. [35].
Furthermore, the presence of –OH moieties and hydrophilic character of the produced supports
may additionally positively affect enzyme–support interactions. In addition, the use of a laccase
inducer, such as copper ions [36], allowed to compare the efficiency of the processes catalysed by this
oxidoreductase with and without the presence of the metal ions. During the investigation, the solution
of RBBR dye at a concentration of 50 mg/L was used in order to reflect the actual concentration of
this dye in wastewater [37]. The effect of process duration, temperature and pH was investigated
in order to determine the most suitable decolorization conditions. The obtained materials were
extensively characterized using scanning electron microscopy, Fourier transform infrared spectroscopy,
low-temperature N2 sorption and electrophoretic mobility measurements. Kinetic parameters, such as
Michaelis–Menten constant (Km) and the maximum reaction rate (Vmax), were calculated. Furthermore,
the amount of immobilized enzyme as well as reusability and storage stability of the novel biocatalytic
systems were determined. The median lethal concentration (LC50) of Artemia salina microorganisms
and their mortality were evaluated to compare the toxicity of dye solution before and after the
decolorization processes.

2. Materials and Methods

2.1. Chemicals and Materials

Zirconium(IV) isopropoxide, tetraetoxysilane, copper(II) sulfate pentahydrate, laccase from
Trametes versicolor (EC 1.10.3.2.), Remazol Brilliant Blue R (RBBR), sodium acetate, ammonium
and phosphate buffer solutions, potassium chloride, sodium chloride, Coomassie Brilliant Blue
G-250 (CBB G-250), and 2,2-azinobis-3-ethylbenzothiazoline-6-sulfonate (ABTS) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Isopropyl and ethyl alcohol, ammonia solution, hydrochloric
acid (35–38%) and glacial acetic acid were purchased from the Chempur Company (Piekary Śląskie
Poland). The chemical structure of the Remazol Brilliant Blue R dye is presented in Figure 1.
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Figure 1. Chemical structure of the Remazol Brilliant Blue R dye (RBBR).

2.2. Synthesis of ZrO2–SiO2 and ZrO2–SiO2/Cu2+ Oxide Systems

The ZrO2–SiO2 hybrid, with a molar ratio of precursors equal to 1.5:1, was synthesized via a
modified sol–gel route, according to the previously published research [38]. The reactor (1 L) was
filled with 500 mL of isopropyl alcohol. Simultaneous dosing of 120 mL of zirconium(IV) isopropoxide
and 90 mL of tetraetoxysilane using ISM833A peristaltic pumps (ISMATEC, Wertheim, Germany)
was the crucial step of the synthesis. After 1 h of stirring (Eurostar Digital stirrer, Ika Werke GmbH,
Staufen im Breisgau, Germany), 60 mL of 25% solution of ammonia (promoter of hydrolysis), was
added dropwise. The mixture was additionally stirred within 1 h. After the specified reaction time,
the reactor content was placed in a fume hood until a gel was obtained (24 h). Then, the obtained
material was slowly dried at 105 ◦C within 24 h. In order to obtain ZrO2–SiO2/Cu2+, the classified
material was modified with copper (II) ions. Briefly, 2.5 g of ZrO2–SiO2 hybrid was placed into a round
bottom flask together with 10 mL of 10% copper (II) sulfate solution. After 1 h of stirring, the mixture
was placed in a vacuum evaporator in order to remove the solvent. The obtained materials were
comprehensively analyzed and used as supports in the immobilization process of laccase.

2.3. Immobilization of Laccase

In order to immobilize laccase onto the obtained materials, 100 mg of the ZrO2–SiO2 or
ZrO2–SiO2/Cu2+ hybrids were placed into vials (20 mL). In the next step, 10 mL of laccase solution
at pH 5 (sodium acetate buffer) and concentration of 1 mg/mL was added. The immobilization was
carried out using an IKA KS 4000i control incubator (Ika Werke GmbH, Staufen im Breisgau, Germany)
at 25 ◦C for 1 h. After incubation, the obtained biocatalytic systems were centrifuged using a LLG
uniCFUGE 5 (LLG Labware, Dublin, Ireland) at 4000 rpm and washed several times with sodium
acetate buffer (pH 5).

2.4. Storage Stability and Kinetic Measurements of Free and Immobilized Laccase

In order to define the storage stability of free and immobilized enzyme and to calculate the
Michaelis–Menten constant (Km) and maximum rate of reaction (Vmax), investigations were conducted
according to the previously published study [30]. The measurements were carried out using ABTS
(maximum absorbance at λ = 420 nm) as the model substrate. Briefly, free and immobilized biocatalysts
were stored in sodium acetate buffer solution (pH 5) at 4 ◦C within 20 days in order to examine their
storage stability. The V-750 spectrophotometer (Jasco, Tokio, Japan) was used to investigate changes in
substrate concentration after the catalytic reaction. Based on the results, storage stability was estimated
and relative activity was calculated using the following Equation (1):

Relative activity (%) =
AI

A0
·100% (1)

where A0 denotes the initial activity of the laccase, and AI denotes the activity of the immobilized enzyme.
The oxidation reaction of ABTS was used to calculate the Michaelis–Menten constant (Km) and

the maximum rate of reaction (Vmax), based on Hanes–Wolf plot. Kinetic parameters were evaluated
under optimal reaction conditions using substrate solutions at various concentrations.
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2.5. Decolorization of Remazol Brilliant Blue R Dye

In order to determine the sorption properties of oxide materials prior to dye decolorization,
the experiments were carried out using both biocatalytic systems with a thermally inactivated enzyme.
The obtained heterogeneous biocatalysts were placed in an IKA KS 4000i control incubator (Ika Werke
GmbH, Staufen im Breisgau, Germany) at 80 ◦C for 2 h, in order to deactivate the enzyme. Furthermore,
100 mg of each of the materials with the inactivated enzyme were placed in the vials together with
10 mL of Remazol Brilliant Blue R dye at a concentration of 50 mg/L (pH 4, 30 ◦C, 24 h). After a
specified period of time, the absorbance of the resulting solution was measured.

To establish the effect of process duration on decolorization efficiency, the experiments were
performed at 30 ◦C and pH 4 using dye solution at the concentration of 50 mg/L. The samples were
collected after 0.5, 1, 3, 5, 8, 12 and 24 h of the decolorization process. The influence of temperature,
ranging from 10 to 70 °C, on decolorization efficiency was examined using 10 mL of dye solution at the
concentration of 50 mg/L (pH 4, 24 h). The effect of pH on the dye removal was also examined using
10 mL of dye solution at the concentration of 50 mg/L, at 30 ◦C and at wide pH range from 2 to 10.

Due to the fact that immobilized enzymes should be characterized by good reusability,
the biocatalytic systems produced were tested over seven consecutive catalytic cycles. Briefly,
after 24 h of decolorization reaction, the obtained heterogeneous biocatalysts were centrifuged using
a 5810 R centrifuge (Eppendorf, Hamburg, Germany) at 4000 rpm and washed with sodium acetate
buffer at pH 4 to remove dye molecules. The materials prepared in this way were used once again.
The reusability study was performed under optimal process conditions which allowed for the highest
removal efficiency of the dye (pH 4, 30 ◦C and 24 h). Each experiment was carried out in triplicate and
the results are presented as an average value.

2.6. Analytical Techniques

In order to describe the morphology of the ZrO2–SiO2 and ZrO2–SiO2/Cu2+ oxide materials
before and after immobilization of laccase, SEM images were obtained using EVO40 apparatus (Zeiss,
Berlin, Germany). FTIR spectra were obtained using a Vertex 70 spectrometer (Bruker, Billerica,
MA, USA). Samples were prepared in the form of pellets by mixing 1.5 mg of the analyzed material with
200 mg of anhydrous KBr. ASAP 2020 physisorption analyzer (Micromeritics Instrument Co., Norcross,
GA, USA) was used in order to determine the parameters of the porous structure of synthesized materials,
such as Brunauer–Emmett–Teller (BET) surface area, meanwhile mean pore size and total pore volume
were calculated based on the Barrett–Joyner–Halenda (BJH) method. Before measurement, ZrO2–SiO2

and ZrO2–SiO2/Cu2+ hybrids and biocatalytic systems were degassed at 120 ◦C within 4 h. Furthermore,
they were subjected to analysis using low-temperature (−196 ◦C) sorption of N2. The electrokinetic
stability of the materials was investigated using an Zetasizer Nano ZS instrument equipped with
an MPT-2 autotitrator (Malvern Instruments Ltd., Malvern, United Kingdom). The samples were
prepared by dispersing 10 mg of the oxide material in 25 mL of a 0.001 M NaCl solution. The amount
of laccase immobilized onto ZrO2–SiO2 and ZrO2–SiO2/Cu2+ oxide materials was calculated based
on the Bradford method [39]. The UV-Vis spectroscopy was used to measure the changes in the
absorbance of the RBBR during the decolorization process and to calculate the degradation efficiency.
The measurements were carried out at wavelength equal to 592 nm (λmax of RBBR dye) using a
V-750 spectrophotometer (Jasco, Tokio, Japan). The decolorization efficiencies were calculated using
Equation (2):

DDE (%) =
CB − CA

CB
·100% (2)

where DDE (%) denotes RBBR dye decolorization efficiency, CB and CA denote RBBR dye concentration
before and after decolorization process, respectively.

The idea of the investigations is presented in Figure 2.
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Figure 2. Schematic diagram of preparation of biocatalytic systems and decolorization process of
Remazol Brilliant Blue R (RBBR) dye.

Toxicity study of the RBBR dye solution before and after decolorization was carried out using the
Artemia salina test microorganism, according to the previously published study [40]. Briefly, 0.5 g of
Artemia salina eggs were incubated in 500 mL of NaCl solution at a concentration of 25 g/L (25 ◦C with
exposure to permanent lighting for 24 h). After that time, 10 larvae were placed into a specified sample
and left for 24 h at 25 ◦C. The percentage of mortality of Artemia salina was calculated for the reaction
media before and after the enzymatic treatment of dyes. The calculation of number of dead larvae was
conducted and median lethal concentration (LC50) was defined. The tests were carried out in triplicate.

3. Results and Discussion

3.1. Characterization of the Oxide Materials before and after Immobilization of Laccase

SEM and FTIR spectral analyses were performed in order to confirm both the effective synthesis
of ZrO2–SiO2 and ZrO2–SiO2/Cu2+ oxide systems and immobilization of laccase onto the obtained
materials (Figure 3). The morphology of materials was evaluated based on SEM images, presented
in Figure 3a,b, respectively. The obtained materials are characterized by irregular particles, 5 μm in
diameter, which tend to aggregate. It is worth noticing that there were no significant changes in the
structure of oxide material before and after doping with Cu2+.
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(a) (b) 

(c) (d) 

Figure 3. Scanning electron microscope (SEM) images of: (a) ZrO2–SiO2 and (b) ZrO2–SiO2/Cu2+

and FTIR spectra of: (c) ZrO2–SiO2, ZrO2–SiO2–laccase and (d) ZrO2–SiO2/Cu2+ and
ZrO2–SiO2/Cu2+–laccase systems.

The FTIR spectra of ZrO2–SiO2 material and ZrO2–SiO2/Cu2+ before and after immobilization
of laccase are presented in Figure 3c,d. The spectrum of ZrO2–SiO2 possessed a wide band assigned
to stretching vibrations of –OH groups between 3650 and 3350 cm−1 and a signal at 1630 cm−1

characteristic for bending vibrations of physically adsorbed water. The signal at 1480 cm−1, which is
characteristic for deformational vibrations of –NH group, presumably resulted from the use of ammonia
during synthesis of the oxide material. The most characteristic groups in the structure of the obtained
material are represented by the peaks with maxima at 1330 cm−1 (Zr-OH bond), 1200–950 cm−1 (Si-O-Si
and Zr-O-Zr bonds), 675 cm−1 (Si-O bond) and 600 cm−1 (Zr-O bond) [38,41]. The FTIR spectrum
of the ZrO2–SiO2–laccase system included signals, which can be seen at 1625, 1555 and 1250 cm−1,
assigned to the hybrid oxide system as well as laccase. These signals were attributed to the stretching
vibrations of amide I, II and III bonds, respectively, and their presence indicates an effective deposition
of enzyme molecules onto oxide material surface [21]. The FTIR spectra of ZrO2–SiO2/Cu2+ and
ZrO2–SiO2/Cu2+–laccase materials (Figure 3d), included the same signals as those presented in the
spectra of ZrO2–SiO2 and ZrO2–SiO2–laccase systems. However, particular attention should be paid to
the signal at wavenumber of 601 cm−1, which corresponds to vibrations of Cu-O bonds and confirms
efficient doping of oxide material with Cu2+ ions [42]. Thus, based on the FTIR results, the effective
synthesis and functionalization of the oxide materials as well as successful enzyme immobilization
have been confirmed.

The results of low-temperature N2 adsorption/desorption for materials before and after
immobilization process are presented in Figure 4. Each of the illustrated isotherms (for ZrO2–SiO2,
ZrO2–SiO2–laccase, ZrO2–SiO2/Cu2+ and ZrO2–SiO2/Cu2+–laccase systems) was classified as type
IV with type H4 hysteresis loops. The calculated values of BET surface area, the total pore volume
and the mean pore diameter are presented in Table 1. The parameters of the porous structure of the
materials before laccase immobilization showed that the analyzed samples possessed higher surface
area and total pore volume compared to the ZrO2–SiO2–laccase and ZrO2–SiO2/Cu2+–laccase systems.
These results confirm the effective enzyme immobilization onto the surface and inside the pores of the
synthesized oxide materials.
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Figure 4. Low temperature N2 adsorption/desorption isotherms of: (a) ZrO2–SiO2, ZrO2–SiO2–laccase
and (b) ZrO2–SiO2/Cu2+ and ZrO2–SiO2/Cu2+–laccase systems.

Table 1. Parameters of the porous structure of the obtained materials before and after immobilization
of laccase.

Examined System
Parameter

ABET (m2/g) Vp (cm3/g) Sp (nm)

ZrO2–SiO2 440.2 0.369 3.4
ZrO2–SiO2–laccase 419.9 0.354 3.4

ZrO2–SiO2/Cu2+ 498.3 0.376 3.0
ZrO2–SiO2/Cu2+–laccase 445.7 0.344 3.0

The zeta potential is an important feature for the evaluation of the surface properties of the oxide
materials [43]. The obtained results (zeta potential vs. pH) for both pure and Cu2+-doped materials
before and after the immobilization process are presented in Figure 5. It can be observed that the
zeta potential values of all samples are negative in the analyzed pH range. In addition, it can be
concluded that the zeta potential strongly depends on the pH value. Beyond the isoelectric point (IEP),
which is almost the same for each of the samples and equal to 3, the zeta potential values become
positive. Moreover, it should be underlined that the zeta potential after functionalization and enzyme
immobilization is almost unaltered, due to the relatively low amount of Cu2+ ions or laccase which
were deposited onto the surface of oxide system. Nevertheless, values of IEP close to 3 were mainly
caused by the presence of silica in the oxide material, the IEP of which is located between 2 and
3 [44,45]. However, the slight shift of isoelectric point values towards higher pH for samples after
laccase immobilization indicated that the attached enzyme also affected the electrokinetic properties of
the analyzed samples as laccase possesses two IEP, the first one at approx. pH 3 and the second in a
pH range of 4.6–6.8, as previously reported by Jolivalt et al. [46]. Moreover, each of tested systems
possessed higher stability in neutral and alkaline environment (pH above 6).
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Figure 5. Electrokinetic curves of the synthesized materials and biocatalytic systems.
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The kinetic parameters of free and immobilized enzymes as well as efficiency of laccase
immobilization onto ZrO2–SiO2 and ZrO2–SiO2/Cu2+ were also calculated. The immobilization
yield obtained for hybrid and Cu2+-doped oxide systems reached 86% and 94%, respectively,
which corresponds to effective enzyme immobilization onto both supports (Table 2). The high
immobilization yields were mainly associated with the high porosity of the supports and the presence
of numerous hydroxyl groups on their surface, which facilitate the formation of hydrogen bonds and
electrostatic interactions between the biocatalyst and surface of the oxide systems [47].

Kinetic parameters, such as the Michaelis–Menten constant (Km) and the maximum reaction rate
(Vmax), were also calculated and presented in Table 2. The higher values of Km and lower values of
Vmax noticed for immobilized laccase (in comparison to free laccase) indicated its lower substrate
affinity and lower reaction rate, respectively. Lower substrate affinity of the immobilized enzymes
might be related to the conformational changes in the enzyme structure upon immobilization, as lower
maximum reaction rate could be explained by the formation of substrate diffusional limitations after
enzyme binding. However, blocking of the enzymes active sites by the substrate or products of
the reaction cannot be excluded [48]. It is worth noticing that the oxide matrix doped with copper
ions showed a slight decrease of Km value and a slight increase of Vmax value, in comparison to the
system without Cu2+, which implies the positive effect of these ions on the kinetic parameters of
immobilized laccase. The obtained data are in agreement with the results of catalytic activity retention,
as laccase immobilized onto ZrO2–SiO2 and ZrO2–SiO2/Cu2+ retained 65 and 76% of free enzyme
activity, respectively.

Table 2. Kinetic parameters of free and immobilized enzyme, amount of immobilized enzyme and
immobilization yield.

Kinetic Parameters and
Immobilization Data

Free Laccase ZrO2–SiO2–Laccase ZrO2–SiO2/Cu2+–Laccase

Km (mM) 0.049 ± 0.002 0.132 ± 0.009 0.098 ± 0.008
Vmax (U/mg) 0.041 ± 0.006 0.029 ± 0.007 0.037 ± 0.009

Amount of enzyme (mg/g) - 86 ± 3.8 94 ± 3.2
Immobilization yield (%) - 86 ± 3.9 94 ± 3.1

Storage stability is one of the crucial parameters which indicate the possibility to use the
immobilized enzymes at an industrial scale. The investigation of the storage stability of the free
and immobilized laccases was carried out over 20 days (Figure 6). After 20 days of storage, laccase
deposited onto ZrO2–SiO2 and ZrO2–SiO2/Cu2+ exhibited definitely higher catalytic activity (over 80%),
as compared to the native enzyme (43%). However, a slight difference between the relative activity
of laccase immobilized onto initial and Cu2+-doped oxide system can be observed. The enzyme
deposited onto material doped with copper ions retained approx. 90% activity, as laccase immobilized
onto ZrO2–SiO2 possessed only 82% of its initial activity after 20 days of storage. The higher activity
of the enzyme immobilized onto both oxide systems might be explained by the stabilization of the
biocatalyst structure upon immobilization and protective effect of the support material, which was also
shown in previously published studies [30]. Nevertheless, the higher relative activity of the laccase
immobilized onto Cu2+-doped oxide material is directly associated with the additional reinforcement
of the enzyme structure by the metal ions [48]. The presented results correspond well with the data
published by Fu et al., regarding the degradation of bisphenol A using laccase–copper phosphate
hybrid nanoflowers. After 60 days of storage, the immobilized biocatalysts retained 90% of its initial
activity [49]. In another study, presented by Batule et al., the laccase nanoflowers synthesized with
copper phosphate significantly enhanced enzyme stability, which exceeded 95% after 1 month of
storage. Moreover, after that time free laccase demonstrated only approx. 20% of its initial activity [50].
These results confirm the stabilizing effect of copper ions towards laccase structure and its activity.
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Figure 6. Storage stability of the free and immobilized enzyme over 20 days of storage.

3.2. Decolorization of Dye

3.2.1. Decolorization of Dye Using Oxide Materials with Inactivated Enzyme

The first step of investigations concerning the dye decolorization process involved testing of
the sorption capacities of ZrO2–SiO2 and ZrO2–SiO2/Cu2+ oxide systems toward RBBR. For this
purpose, supports with thermally inactivated enzyme were placed into solution of the dye at
concentration of 50 mg/L. The results showed that sorption efficiencies were equal to 6.38% and
0.52% for the ZrO2–SiO2–laccase and ZrO2–SiO2/Cu2+–laccase, respectively. Since the error values of
the measurements were estimated at 3%, it can be concluded that sorption of the dye onto the obtained
materials was negligible. These results can be compared with our previous study [30], in which the
sorption efficiencies of the RBBR dye from solution at concentration of 10 mg/L for oxide materials
such as TiO2–ZrO2 and TiO2–ZrO2–SiO2 were equal to 46% and 28%, respectively.

3.2.2. Effect of Process Duration on Decolorization Efficiency

After determination of the sorption capacities of oxide materials with inactivated enzymes,
the effect of the process duration on decolorization efficiency of RBBR dye by the immobilized enzyme
was investigated. The obtained results are presented in Figure 7.
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Figure 7. Effect of process duration on decolorization efficiency of the RBBR dye using free laccase and
synthesized biocatalytic systems.

It can be observed that application of the biocatalytic system doped with copper ions resulted in
higher decolorization efficiency of the RBBR dye over the analyzed process duration, as compared
with biocatalytic systems without metal ions. Clearly, after 1 h of process, the decolorization efficiency
reached 39% and 22% using the ZrO2–SiO2–laccase system with and without Cu2+, respectively.
After 24 h, the efficiency of the decolorization process of the RBBR dye by biocatalytic system with
copper ions was equal to 98%, as the removal rate of the dye by the ZrO2–SiO2–laccase system reached
90%. The solutions of the RBBR dye before and after enzymatic decolorization processes were presented
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in Figure 8. Based on the results, it was confirmed that 24 h is the most suitable time, because its
prolongation does not increase the biodegradation efficiencies, irrespectively of the biocatalytic system
used. It should be noted that the decolorization efficiency reached 96% using a native enzyme after 24 h
of the process at pH 5 and temperature of 30 ◦C. The difference between decolorization efficiencies using
ZrO2–SiO2 and ZrO2–SiO2/Cu2+ systems resulted from the presence of Cu2+ ions, which positively
affected the activity and stability of the laccase [51,52]. In another publication, Bayramoglu et al.
showed that the presence of transition metal ions, such as Cu2+, on the surface of the support obtained
from poly(4-vinylpyridine) molecules on the magnetic beads is responsible for strong binding between
pyridine ring/Cu2+ and laccase [53]. This may explain the higher efficiency of decolorization by
laccase immobilized onto ZrO2–SiO2/Cu2+ support. Similar observations were made by Olajuyigbe et
al. which indicated that laccase immobilized onto Cu–alginate beads shows higher relative activity,
as compared to native enzyme and calcium–alginate support [54,55].

 
(a) (b) (c) 

Figure 8. The solutions of the RBBR dye: (a) at initial concentration of 50 mg/L, (b) after decolorization
using ZrO2–SiO2–laccase and (c) after decolorization using ZrO2–SiO2/Cu2+–laccase. Each of
experiment was conducted at 30 ◦C and pH 4 within 24 h.

3.2.3. Effect of pH and Temperature on Decolorization Efficiency

The next step of investigations was focused on the evaluation of the influence of the pH and
temperature of dye solution on the decolorization efficiency. These parameters play a crucial role due to
the relatively low stability of enzymes under harsh reaction conditions [34]. The effect of temperature
was examined in the range from 10 to 70 ◦C at pH 4, whereas the effect of pH was evaluated in the
range from 2 to 10 at 30 ◦C using the RBBR dye solution at the concentration of 50 mg/L (Figure 9).
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Figure 9. Effect of: (a) temperature and (b) pH of dye solution on decolorization efficiencies.

In the analyzed temperature range, the decolorization process occurred with higher efficiencies
when the dye was degraded in a system containing copper ions. It is worth mentioning that the most
significant difference between the removal rates of the dye obtained using both types of materials
was equal to approx. 25% at 10 ◦C. Nevertheless, the highest values of dye removal were obtained at
30 ◦C, irrespectively of the biocatalytic system used. It should also be added that even at 60 ◦C both
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systems after immobilization allowed for the removal of more than 50% of the dye. However, increase
of the temperature to 70 ◦C caused a decrease of the decolorization efficiency, which reached 26% for
ZrO2–SiO2–laccase and 45% for ZrO2–SiO2/Cu2+–laccase, respectively. This fact may be related to the
thermal inactivation of the enzyme. The obtained results were compared with the data presented by
Tapia-Orozco et al., which were focused on laccase immobilized onto TiO2 particles. The obtained
biocatalytic system was tested at 80 ◦C and showed a lack of enzymatic activity [56]. Conclusion can
be drawn based on the analysis of the results which show effect of pH on the decolorization efficiency
(Figure 9b). Over the tested pH range, the removal rates were higher when the ZrO2–SiO2/Cu2+–laccase
system was used. Moreover, the highest decolorization efficiency was achieved at pH 4 for both
systems. Significant decrease of the decolorization efficiency was noticed when the process was
realized at the pH range of 6–10. This may result from the reduction of catalytic activity of laccase
in the near-neutral and basic environment due to conformational rearrangements in the structure of
biomolecule, caused by changes in the nature of aminoacid groups [57].

3.2.4. Reusability of the Biocatalytic Systems

Reusability as well as storage stability are important parameters which need to be considered when
immobilized enzymes are used at an industrial scale. The possibility to use the biocatalytic systems
multiple times possesses many advantages, the most important among which is the reduction of process
costs [58]. In the presented study, the decolorization efficiency of the RBBR dye by ZrO2–SiO2–laccase
and ZrO2–SiO2/Cu2+–laccase systems was tested over seven successive decolorization cycles (Figure 10).

The decolorization efficiency constantly decreased over the catalytic cycles. However, the more
prominent decrease of the removal rates can be observed from the 4th catalytic cycle, particularly in
case of ZrO2–SiO2–laccase system (decrease from 77% in the 3rd cycle to 50% in the 4th cycle). It may
be explained by the elution of laccase from the support, which has been also shown in our previous
study [30]. After seven consecutive catalytic cycles, the results showed that approx. 40% and 10%
of the RBBR dye was removed by the ZrO2–SiO2/Cu2+–laccase system and system without copper
ions, respectively. The decrease in enzyme activity might be related to the inhibition of the enzyme by
the reaction products and partial deactivation of the biocatalyst. It is worth noticing that significant
differences between the degradation efficiency of the RBBR dye after treatment with ZrO2–SiO2–laccase
and ZrO2–SiO2/Cu2+–laccase over seven catalytic cycles might be related to the stabilizing effect of
copper ions on laccase activity as well as the fact that Cu2+ ions act as an inducer for the transfer of
electrons which helps overcome enzyme inactivation [36]. In another study, Chen et al. immobilized
laccase onto magnetic graphene oxide and used this system for degradation of dyes such as Crystal
Violet, Malachite Green and Brilliant Green. After 10 catalytic cycles, the relative activity of the
obtained biocatalytic system reached approx. 60% [59]. On the other hand, Le et al. showed that
laccase encapsulated in core–shell magnetic copper alginate beads removed only approx. 20% of the
RBBR dye after three consecutive decolorization cycles [60]. These results clearly show that type of the
support material strongly affects both laccase activity and decolorization efficiency.
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Figure 10. Reusability of the obtained biocatalytic systems.
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3.3. Toxicity Study

In order to determine the lethal concentration of the RBBR dye, solutions of the dye at different
concentrations, ranging from 0.5 to 50 mg/L, were tested. It was evaluated that the LC50 of the RBBR
dye before enzymatic treatment towards Artemia salina larvae as a model microorganism is equal to
16 mg/L. Moreover, the mortality of the tested microorganisms was lower after the decolorization
process (pH 4, 30 ◦C and 24 h) by 20 and 30% for ZrO2–SiO2–laccase and ZrO2–SiO2/Cu2+–laccase,
respectively, as compared to dye solution before enzymatic treatment (Figure 11).
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Figure 11. Mortality of Artemia salina in the solution before and after enzymatic treatment.

In another study by da Silva et al., horseradish peroxidase was used for removal of RBBR from
an aqueous solution. Authors noticed that enzymatic treatment caused a reduction of mortality of
Artemia salina up to 45% as compared to the solution before the decolorization [61]. The higher mortality
data presented in this work might indicate the formation of RBBR degradation products which exhibit
higher toxicity as compared to the RBBR degradation products generated using laccase [62]. That fact is
closely related to the different mechanism of catalytic behaviour of laccase and horseradish peroxidase.

4. Conclusions

In this study the hybrid ZrO2–SiO2 and ZrO2–SiO2/Cu2+ oxide systems were used as supports
for laccase immobilization and further as an effective biocatalytic system for the decolorization
processes of the Remazol Brilliant Blue R dye. Results of scanning electron microscopy and Fourier
transform infrared spectroscopy confirmed the effective synthesis of the oxide systems and efficient
laccase immobilization. Analysis of the effect of various decolorization parameters on its efficiency
showed that the highest removal rates of RBBR, equal 98% and 90% for ZrO2–SiO2–laccase and
ZrO2–SiO2/Cu2+–laccase, respectively, were observed after 24 h of the process at 30 °C and pH 4.
Thus, the obtained results show that addition of copper ions into the support material has a positive
impact on laccase stability and activity. Additionally, the toxicity of the dye solution after enzymatic
treatment using ZrO2–SiO2–laccase and ZrO2–SiO2/Cu2+–laccase was reduced by approx. 20% and
30%, respectively, as compared to initial RBBR dye solution. However, due to slight decrease of toxicity
of the solution after laccase treatment, the use of another enzyme, such as horseradish peroxidase,
could be considered. Nevertheless, analysis of the results allows to conclude that effective enzymatic
systems were obtained, which may potentially be applied for the removal of dyes. Moreover, it should
be noted that the obtained oxide materials might be used as supports for the immobilization of a wide
range of catalytic proteins. These biocatalytic systems may be also used for the degradation processes
of other contaminants, e.g., bisphenols or pharmaceuticals.
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Abstract: The paper reports the results of a study on the Ti6Al4V titanium alloy involving the XPS
(X-ray photoelectron spectroscopy) photoelectron spectroscopy method. The position of bands in the
viewing spectrum serves as a basis for the qualitative identification of atoms forming the surface
layer, while their intensity is used to calculate the aggregate concentration of these atoms in the
analyzed layer. High-resolution spectra are used to determine the type of chemical bonds based
on characteristic numerical values of the chemical shift. The paper also presents the 3D results of
surface roughness measurements obtained from optical profiling, as well as the results of energy
state measurements of the Ti6Al4V titanium alloy surface layer after ozone treatment. It was shown
that the ozone treatment of the Ti6Al4V titanium alloy removes carbon and increases concentrations
of Ti and V ions at higher oxidation states at the expense of metal atoms and lower valence ions.
The modification of the surface layer in ozone atmosphere caused a 30% increase in the Ti element
concentration in the surface layer compared to the samples prior to ozone treatment. The carbon
removal rate from the Ti6Al4V titanium alloy samples amounted to 35%, and a 13% increase was
noted in oxides. The tests proved that the value of the surface free energy of the Ti6Al4V titanium
alloy increased as a result of ozone treatment. The highest increase in the surface free energy was
observed for Variant 4 samples, and amounted to 17% compared to the untreated samples, while the
lowest increase was equal to 14%. For the analyzed data, the maximum value of standard deviation
was 0.99 [mJ/m2].

Keywords: Ti6Al4V titanium alloy; ozone treatment; surface layer; surface free energy; adhesive joint

1. Introduction

Titanium alloys are difficult to use in adhesive joining or other technologies where adhesive
phenomena play a key role. This is due to a very wide variation in the properties of titanium
oxides, depending on the oxidation conditions [1]. In industrial applications, particularly in the
aerospace industry, the well-established electrochemical treatment methods for titanium alloys
have been employed for years. However, these methods are cost-ineffective, also considering bath
deposition. Chemical or electrochemical treatment technologies develop a properly constituted oxide
layer. Although the obtained oxides typically exhibit high energy characteristics, they tend to be
loosely attached to the substrate surface, which proves problematic considering adhesion processes.
The growing interest in ozone treatment as an alternative method for imparting favorable energy
conditions to the surface layer is an effect of high reactivity of ozone. The promising potential of this
method may eventually lead to abandoning the well-established surface treatments, which, however,
bear heavy environmental cost.

Searching for effective alternative methods for modifying adhesive properties [2] of titanium
alloys is crucial from both the scientific and the practical perspective.
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The energy state [3–6] of structural materials, especially titanium alloys in industrial applications, is
particularly important in technologies where adhesion is crucial to process efficiency. Such technologies
include adhesive joints, construction encapsulation, coating, printing, and sintering [1,7]. Proper
bonding of structural materials requires not only suitable preparation of the substrate surface, but also
developing adequate adhesion properties of adhesives or sealants [8–10].

Studies indicate that ozone treatment exhibits a promising potential [1,9] due to the fact that it
increases the surface free energy. It is difficult to account for the phenomena that cause these changes
as they take place at the nanoscale. Such changes may be observed at the macroscale only to a small
extent by means of surface microscopy [11].

Chemical methods [12,13] and electrochemical pretreatment of the surface layer of structural
materials are effective when removal of strongly bound material is required. They generate a
suitable surface texture and provide high physicochemical activity of the surface with respect to the
adhesive used.

The authors of the paper [14] used ozone to obtain titanium oxide. The results showed that this
method produces a surface layer of the required properties.

This study set out to provide a more thorough chemical and topographic analysis of the titanium
alloy surface following ozone treatment. The results offer an interesting insight into the changes
occurring in the fusion layer and partly also in the surface layer of the cohesion zone of the Ti6Al4V
alloy following the surface treatment in question.

2. Materials and Methods

The study was performed on the Ti6Al4V (Grade 5) titanium alloy according to the standards
(AMS4911, ASTM B265). This alloy is widely used in the aviation, space and marine industries.
The 25 mm × 100 mm × 1.6 mm Ti6Al4V titanium alloy samples were adhesively joined with the
two-component epoxy adhesive, Loctite Hysol 9466. The adhesive was prepared by means of a static
flow stirrer and applied to the adherend surfaces according to the manufacturer’s recommendations.
Uniform thickness of the adhesive was ensured by the application of appropriate pressure during cure.

Figure 1 shows a schematic diagram of a single-lap adhesive joint.

 
Figure 1. Single-lap adhesive joint: g-adherend thickness, F-force of the joint.

The dimensional accuracy of the adherends was 0.1 mm, while that the length of the adhesive
joint, 0.5 mm, with adhesive thickness gk = 0.1 ± 0.01 mm.

The adhesive was cured at an ambient temperature of 19 ◦C–22 ◦C, and relative humidity of
38–45%. The cure time was set to 120 h, and the unit pressure applied to the surface of the samples
during bonding was equal to 0.2 MPa.

The layout diagram illustrating the test stand for modification of the surface layer of construction
materials in ozone atmosphere is shown in Figure 2.
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Figure 2. Layout diagram of test stand for ozone treatment of construction material samples: 1—oxygen
concentrator, 2—adjustable flow meter, 3—ozone generator, 4—ozone concentration meter, 5—reaction
chamber, 6—samples subjected to surface layer modification, 7—ozone destroyer, 8—suction pump.

The ozone flow in the ozone treatment process of samples was 0.9 dm3/min. The Ozone
ANALYZER BMT 964 (BMT MESSTECHNIK GMBH, Stahnsdorf, Germany) was used for measuring
ozone concentration.

The specimens were subjected to one of the four variants of ozone treatment, i.e.,

No. 1—samples after machining prior to ozone treatment,
No. 2—samples after machining and ozone treatment: 50g O3/m3 for 10 min,
No. 3—samples after machining and ozone treatment: 50g O3/m3 for 30 min,
No. 4—samples after machining and ozone treatment: 50g O3/m3 for 45 min.

The surface free energy (SFE) of the specimens was determined by means of the indirect method,
based on the contact angle measurement. One of the most commonly used methods for determining
the SFE of structural materials [3–6] is the Owens–Wendt method. This method assumes that the value
of the SFE is the sum of its two constituents: The dispersive γs

d and the polar γs
p components of the

SFE, and, in addition, that there is an additive relationship between these Equation (1):

γs = γ
d
s + γ

p
s , (1)

where, γs—the SFE of solids,
γs

d—the dispersive component of the SFE of tested substrates,
γs

p—the polar component of the SFE of tested substrates.

To calculate the dispersive and polar components of the SFE, of the tested substrate materials it is
necessary to know the value of their contact angles. This is determined using the measuring liquids
whose surface free energy, as well as polar and dispersive components, are known. In the presented
tests, the measuring liquids were distilled water, as a polar liquid, and diiodomethane, as an apolar
liquid. The dispersion component of the surface free energy is obtained from the given Equation (2):
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where, γd—the SFE of diiodomethane,
γd

d—the dispersive component of the SFE of diiodomethane,
γd

p—the polar component of the SFE of diiodomethane,
γw—the SFE of water,
γw

d—the dispersive component of the SFE of water,
γw

p—the polar component of the SFE of water,
θw—the contact angle of water.

3. Results

Photographs of the Ti6Al4V titanium alloy surface are shown in Figure 3a,b.

  
(a) (b) 

Figure 3. Ti6Al4V titanium alloy surface: (a) In polarized light at 50×magnification; (b) DIC image at
1000×magnification.

Figure 3a shows a fragment of the titanium alloy surface with a visible metallographic section
produced by the ion abrasion technique obtained by means of a Quanta 3D FEG microscope (FEI,
Hillsboro, OR, USA). A cross-shaped marker is also visible. The marker was used to identify the
place of measurements before and after ozone treatment. Precise measurements enabled recording the
changes occurring at the same place of the surface layer following ozone treatment.

3.1. Surface Roughness

The surface roughness was measured by means of optical profilometry using a Contour GT-K1
optical profilometer (Veeco, Bruker, the Netherlands). The purpose of the study was to determine the
effect of surface layer modification in the ozone atmosphere on the surface layer of structural materials.
The following parameters were measured in the experiments: Sa—arithmetic mean of the 3D profile
ordinates, Sq—root mean square of 3D profile ordinates, Sp—value of the highest elevation of 3D
profile, Sv—value of the lowest 3D profile depth and Sz—maximum height of the 3D profile.

The paper [10] pointed to the significance of surface topography on the strength of lap adhesive
joints and investigated the surface roughness parameters that affect the strength of adhesive joints.

Figure 4 shows the topography of Ti6Al4V titanium alloy samples before and after ozone treatment.
The size of the scanned surface is 156 μm × 117 μm.
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Parameter Value Unit 
Sa 0.14 [ m] 
Sp 2.024 [ m] 
Sq 0.181 [ m] 
Sv 1.93 [ m] 
Sz 3.953 [ m] 

(a) 

Parameter Value Unit 
Sa 0.187 [ m] 
Sp 2.689 [ m] 
Sq 0.243 [ m] 
Sv 1.468 [ m] 
Sz 4.157 [ m] 

(b) 

Figure 4. Images of Ti–6Al–4V titanium alloy samples surface with clear limit after ionic polishing:
(a) Before ozone treatment; (b) after ozone treatment (samples after ozone treatment: 50 g O3/m3 for
45 min).

The results indicate an over 25% increase in the surface roughness of the entire joint area after
ozone treatment compared to the untreated surface. The value of the roughness parameter Sq before
pretreatment, 0.181 μm, increases to 0.243 μm after the ozone treatment. Similar changes are observed
in other parameters after treatment.

The experimental results demonstrate that ozone “interacts” with the smooth surface of this alloy.

3.2. Examination of the Surface Layer with Electron Scanning Microscopy

Figure 5 shows photographs of untreated Ti6Al4V titanium alloy surface and after modification
of the surface layer in ozone atmosphere. The figures show examples of areas after ionic polishing,
prior to and following ozone treatment.

  
(a) (b) 

Figure 5. Topography of Ti6Al4V titanium alloy surface after ionic polishing with FIB (focus ion beam)
technique: (a) Before ozone treatment; (b) after ozone treatment (samples after ozone treatment: 50 g
O3/m3 for 45 min).
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The surface layer of the samples was examined using a high-contrast scanning electron microscope
(Quanta 3D FEG; FEI, Hillsboro, OR, USA), which enables registration of secondary electrons (SE).
The maximum magnification was 5000×.

The obtained increase in the values of surface roughness parameters following ozone treatment is
notable on nano-scale. The effect is complex, certain micro-irregularities of the surface may become
leveled out, whereas new micro-cavities may be formed on the treated surface, which effects in the rise
in surface roughness parameters.

The results of the surface examination are shown in Table 1. Table 1 shows the results for Ti6Al4V
titanium alloy before and after ozone treatment. The scanning area was set to 1 mm2.

Table 1. Results of EDX (energy dispersive X-ray spectroscopy) analysis of Ti6Al4V titanium alloy
sample before and after ozone treatment.

Element
Sample before Ozone Treatment

Sample after Ozone Treatment: 50 g O3/m
3

for 45 min

wt % (weight) at % (atom) wt % (weight) at % (atom)

Al 6.13 10.20 6.08 10.13
Ti 89.14 83.53 89.11 83.65
V 3.61 3.18 3.73 3.29
Fe 0.22 0.17 0.25 0.21

Other 0.9 2.92 0.84 2.72

The ozone treatment of Ti6Al4V titanium alloy effectively removes carbon from the surface of
contaminated samples. The removal of atmospheric carbon leads to a percentage increase of other
Ti6Al4V titanium alloy components.

3.3. Examination of the Surface Layer with XPS Photoelectron Spectroscopy

The results of XPS and FTIR (Fourier Transform Infrared Spectroscopy) analyses [15] reveal the
existence of an oxidized polymer layer in ozone-treated samples and the effect of ozone on polar bonds
such as C-O or C=O.

The XPS results reported in the paper [16] show irreversible changes in the surface layer of
titanium alloy under the impact of ozone. The results analyzed in [16], however, concern the human
body environment, which exhibits totally different conditions. The decrease in the surface carbon
content is a result of the cleaning effect of ozone, while the increase in oxygen levels in the surface
layer indicates the formation of oxides. Simultaneously, the analyses show that the content of pure
titanium decreases.

Figures 6–12 show the results of Ti6Al4V titanium alloy surface composition examination.
The surface layer of this alloy is highly sensitive to contamination. Despite washing and degreasing
before ozone treatment, the alloy was contaminated with a layer of surface carbon and lead.
The concentration of titanium alloys constitutes approx. 31% of its nominal weight value, 85% of which
is in the oxidized form.

A comparative kit of XPS wideband spectra of the Ti6Al4V titanium alloy sample is shown in
Figure 6.
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Figure 6. Comparative kit of XPS broadband spectra of Ti6Al4V titanium alloy samples in the following
order: A spectrum of titanium alloy before ozone treatment (Ti), after plasma cleaning (Ti 20 nm) and
after ozone treatment (Ti after ozone treatment).

What can be seen in the high-energy part of the XPS spectrum are wide KLL Auger bands of
oxygen (EB ~980 eV) and LMM Ti (EB ~1120 eV). The titanium alloy surface is deficient in vanadium
atoms, which remains even after ionic cleaning of the adherend. The cleaning of the adherend surface
and removing 20 nm of the layer led to a considerable change in surface composition of the alloy. Lead
was entirely removed from the surface layer of the specimen, and so was almost entire surface carbon.
The removal of the carbon layer exposes the grains of aluminum and titanium. As a result of ozone
treatment, C content on the surface of Ti6Al4V dropped by approx. 35%.

Table 2 shows the chemical composition of Ti6Al4V titanium alloy substrate prior to and following
ozone treatment.

Table 2. The chemical composition of Ti6Al4V titanium alloy prior to and after ozone treatment.

Element
Ti6Al4V Titanium Alloy Prior to Ozone Treatment Ti6Al4V Titanium Alloy after Ozone Treatment

% at % Fractions at % % at % Fractions at %

Ti 28.23 12.15

Ti (0) 6.74

37.72 16.86

Ti (0) 2.21
Ti (II) 1.75 Ti (II) 8.01
Ti (III) 6.59 Ti (III) 10.72
Ti (IV) 84.92 Ti (IV) 79.06

V 1.86 0.75

V (0) 21.76

0.96 0.40

V (0) 9.14
V (II) 15.55 V (II) 8.64
V (III) 32.00 V (III) 19.77
V (IV) 18.18 V (IV) 33.26
V (V) 12.51 V (V) 29.19

Al 4.89 3.73 Al (III) 100 4.44 3.52 Al (III) 100
C 23.78 40.78 - 15.56 27.72 -
O 31.42 40.46 - 35.55 47.56 -
Pb 8.98 0.89 - - - -
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Pb content on the surface of specimens prior to treatment is an effect of ambient environment
contamination. Ionic and ozone treatment remove PB entirely.

Figure 7 shows changes in the doublets at the valence band in the Ti2p spectrum following Ti6Al4V
titanium alloy surface modification.

Figure 7. Changes in doublets at valence band in Ti2p spectrum.

The ozone treatment of the Ti6Al4V titanium alloy slightly changes the shape of the composite
band and the intensity of its components. What can be noticed comparing the spectral band profiles of
Ti2p alloy after ionic etching and ozone treatment is deep ozonation of the adherend surface layer.
What is also notable is the drop in the intensity of metallic phase peaks in the spectrum as well as Ti (II)
and Ti (III) ions in a low-energy XPS part of the spectrum. The peak located at EB = 459 eV bound to
TiO2 titanium oxide at the highest oxidation state is the dominant band. Ti (IV) form amounts to 79%
of total concentration after ozone treatment, which is more than a two-fold increase, compared to the
28% concentration after ionic cleaning.

Figure 8 shows the effect of ozone treatment on XPS spectrum based on V2p transitions.
The course and nature of the observed changes clearly indicate the oxidation process of the

surface layer of the titanium alloy sample during ozone treatment. Unlike titanium ions, the ozone
treatment process essentially changes the shape of the composite band and the distribution of matching
components. The concentration of forms with a higher oxidation degree: V(IV) and V(V) significantly
increases at the expense of metal and V(II) ions.

The deconvolution of the XPS spectrum for the Al2p band is shown in Figure 9.
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Figure 8. Effect of ozone treatment on XPS spectrum on the basis of V2p transitions.

 

Figure 9. Deconvolution of XPS spectrum of Al2p band: Titanium alloy before ozone treatment (Ti),
titanium alloy after ionic cleaning (Ti 20 nm) and titanium alloy after ozone treatment (Ti after ozone
treatment).
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The deconvolution procedure of the band reveals two phases of aluminum oxide on the alloy
surface. After ozone treatment, aluminum oxide Al2O3 constitutes the main phase with the 80%
content of Al.

 

Figure 10. Deconvolution of XPS spectrum of O1s band.

The deconvolution procedure of the XPS spectrum for the O1s band (Figure 10) confirms the
coexistence of various oxides and a high degree of oxidation of the surface layer of the alloy after ozone
treatment. The intensity axis was normalized.

Figure 11 depicts the deconvolution of the XPS spectrum of the C1s band.

 
Figure 11. Matching XPS spectrum to C1s band.
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The deconvolution procedure of the band confirms the coexistence of oxidized and non-oxidized
forms of surface carbon.

Figure 12 shows the XPS spectrum of photoelectrons in the Ti6Al4V titanium alloy sample.

 

Figure 12. XPS spectrum of photoelectrons in titanium alloy sample.

After the deconvolution of the peaks on the spectrum, we may distinguish bands of N1s
photoelectrons that come from three chemically different phases.

The results from the chemical analysis show that the surface layer of the alloy is enriched with
aluminum atoms, as their concentration, over 6 wt %., exceeds the nominal value, and which occur in
the entirely oxidized form as Al2O3 oxide, Al(OH)3 hydroxides and AlO(OH) boehmite. The spectral
analysis results, furthermore, reveal that argon permanently penetrates the crystal lattice and is not
removed in high vacuum of the UHV system. The adherend also contains nitrogen which can form
various chemical bonds.

The results clearly show that the surface layer of the titanium alloy before ozone treatment is
practically entirely covered with a layer of metal oxides, showing different degrees of oxidation and
contaminated with the carbon layer. The tests show that the ozone treatment of titanium alloy results
in the removal of carbon and the increase in the concentration of Ti and V ions in an advanced stage
of oxidation at the expense of metal atoms and ions with lower valence. The modification of the
surface layer in the ozone atmosphere resulted in a 30% increase of Ti element concentration in the
sample surface layer compared to the samples prior to the ozone treatment. The removal of carbon
from Ti6Al4V titanium alloy samples during the ozone treatment process is estimated at 35%. A 13%
increase in oxides after ozone treatment was also observed.

3.4. Surface Free Energy

Figure 13 shows the surface free energy of Ti6Al4V titanium alloy after machining using a density
tool with a grit size of P320.
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Figure 13. Surface free energy of Ti6Al4V titanium alloy for different ozone treatment conditions
(modification variants of surface layer are described in “Materials and Methods”).

The results demonstrate that the surface free energy of Ti6Al4V titanium alloy increased as a
result of the ozone treatment. The highest increase in the surface free energy was observed for the
samples prepared in accordance with the fourth variant of surface pretreatment, amounting to 17%
compared to the samples before ozone treatment. The lowest observed increase was 14%. For the
analyzed data, the maximum value of standard deviation was 0.99 [mJ/m2].

Compared to the samples prior to ozone treatment, the highest increase in the polar component of
the SFE of the Ti6Al4V titanium alloy after pretreatment (Figure 14) was 51%, while the lowest increase
was by 44%.

Figure 14. Polar component SFE of Ti6Al4V titanium alloy for different ozone treatment conditions
(modification variants of surface layer are described in “Materials and Methods”).

The results clearly demonstrate that modification of the surface layer of the tested construction
materials in ozone atmosphere has a considerable effect on increasing the surface free energy and its
polar component.

3.5. Strength of the Adhesive Joint

Figure 15 shows mean values of shear stresses in a single-lap adhesive joint obtained in experimental
studies for the Ti6Al4V titanium alloy after machining and ozone treatment.
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Figure 15. Shear stress at obtained in experimental studies for Ti6Al4V titanium alloy samples made
with Hysol 9466 adhesive, for various ozone treatment conditions (modification variants of surface
layer are described in “Materials and Methods”).

The ozone treatment process of Ti6Al4V titanium alloy samples increases to some extent the
strength of the single-lap adhesive joint made with the Hysol 9466 adhesive. The highest increase in
strength of the adhesive joint, amounting to 28%, was observed for ozone samples with a concentration
of 50 g O3/m3 in 30 minutes. In this case, the extreme has been reached. The decrease in strength
observed for Variant 4 confirms the significant effect of the ozone treatment process on the final effects.

4. Conclusions

The findings of this study have led to the following conclusions:

(1) Ozone treatment of the titanium alloy results in the removal of carbon and an increase in the
concentration of Ti and V ions at higher oxidation states at the expense of metal atoms and ions
with lower valence.

(2) The modification of the surface layer in ozone atmosphere caused a 25% increase in the Ti element
of the surface layer of the samples compared to the samples before ozone treatment.

(3) Removal of carbon from Ti6Al4V titanium alloy samples in the ozone treatment process amounted
to 35%, and the content of oxides increased by 13%.

(4) The increase in the surface free energy was observed in the Ti6Al4V titanium alloy as a result of
the ozone treatment, the highest increase in the surface free energy was observed for the samples
prepared according to Variant 4 and increased by 17%, compared to the untreated samples, while
the smallest increase was 14%.

(5) There is no correlation between the highest increase in the surface free energy and an increase
in the strength of adhesive joints. The knowledge on the surface free energy value is, therefore,
a necessary yet insufficient condition for designing predictive models of adhesive joints strength
of metal substrates.

(6) The highest increase in the strength of adhesive joint was noted for the samples subjected to
ozone treatment with a concentration of 50 g O3/m3 over 30 minutes. The untreated samples
exhibited an increase of 28%.

The study confirms that ozone treatment, if performed under appropriate conditions, can be
used in bonding technologies to shape surface micro-topography and free energy, thus offering an
alternative option to electrochemical methods.
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