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Editorial

Special Issue on “Synthesis and Application of Nano- and
Microdispersed Systems”

Denis Kuznetsov 1,* and Gopalu Karunakaran 2,*

1 Department of Functional Nanosystems and High-Temperature Materials, National University of Science and
Technology “MISiS”, Leninskiy Pr. 4, 119049 Moscow, Russia

2 Institute for Applied Chemistry, Department of Fine Chemistry, Seoul National University of Science and
Technology (Seoultech), 232 Gongneung-ro, Nowon-gu, Seoul 01811, Korea

* Correspondence: dk@misis.ru (D.K.); karunakarang5@seoultech.ac.kr (G.K.)

With numerous advancements, nano- and microdispersed systems are rapidly increas-
ing worldwide. [1]. This particularly includes nanoparticles and nanosystems. Generally,
nano is defined as anything on the nanoscale range, from 1 to 100 nm [1]. However, larger
sizes, from 100 to 500 nm, are also available for use. Based on the size and surface prop-
erties of nanoparticles, application variation occurs [2]. Major changes with respect to
particle size and surface properties can lead to major changes in surface plasmon reso-
nance, catalytic variation, magnetic properties, optical properties, and biological activities.
Hence, it is essential to tune the structure of nanoparticles and their surface properties for
better applications.

There are several approaches to nanoparticles’ synthesis that researchers are working
on at present. For example, the hydrothermal method, in which the synthesis of nanomate-
rial takes place at high pressure with high-temperature maintenance in a closed container,
produces nanoparticles with a unique surface area and size. In addition, co-precipitation
is also a common approach for the synthesis of nanoparticles. In this approach, two dif-
ferent solutes are precipitated together to form a unique and desired nanoparticle. This
procedure requires a beaker, stirrers with magnetic bars, and the required solutes and
solvents. Another approach to nanoparticle synthesis is chemical reduction. In this ap-
proach, the salt precursors are reduced with the reducing agents to produce metal and
metal oxide nanoparticles for the desired applications. Furthermore, more recently, organic-
microemulsion-based synthesis has been improving, in which different combinations of
water, surfactant, and oils are used for the synthesis of nanoparticles. Moreover, a nanoparti-
cle synthesis that is mediated by seeding is also performed, in which the seed nanoparticles
are mixed with the salt precursors to form the desired nanoparticles. Hence, a variety of
synthesis procedures are available, and each day, there are further advancements in the
synthesis methods. Hence, this issue was planned to showcase the recent advancements in
the synthesis of nanoparticles.

Furthermore, the applications of nanoparticles are included in this issue because
the day-to-day applications of nanoparticles are increasing. Nanoparticles are used in
wastewater treatments, sensors, electrode materials for lithium ion and sodium ion batteries,
as super-capacitors, piezoelectric materials, optical applications, disease diagnosis materials
and catalytic materials, in fuel cell applications, memory devices, antenna cores, pain
industries, computer chips, and for biomedical applications. Thus, using this application
knowledge, we aimed to build a research theme for the application of nanoparticles. Hence,
we welcome the valuable contributions of all our researchers, in the form of original
research papers, communications, and review papers on the synthesis and application of
nanoparticles, using different key words, such as nanosystems, nanopowder, emulsion,
and process.

We received a large number of papers for our Special Issue, which were peer-reviewed
by experts in their respective fields. After a rigorous review process, ten original papers
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and one communication were published in this Special Issue. For example, Anastasia
Yakusheva et al. described the synthesis of water-soluble carbon quantum dots for the de-
tection of copper ions in aqueous media [1]. The carbon quantum dots were found to be very
effective for the detection of copper in the aqueous medium. Anna A. Ulyankina et al. [3]
synthesized TiO2 nanoparticles with an electrochemical method using a pulse-alternating
current for the photocatalytic oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-diformylfuran
(DFF). The TiO2 nanoparticles were found to have higher DFF selectivity in methanol,
of up to 33% when compared to the commercially available materials. Mai Ngoc Tuan
Anh et al. [4] produced silver nanodecahedrons using photochemical synthesis for surface-
enhanced Raman scattering (SERS) properties and applications. It was observed that
the synthesized silver nanodecahedrons exhibited stronger SERS properties after 48 h of
Light-Emitting Diode (LED) radiation. N. Van Minh et al. [5] synthesized spark plasma-
sintered cobalt materials for enhanced mechanical properties. It was found that a high
bending strength, microhardness, and relative density enhancement were achieved with
the nanomodification of spark plasma-sintered cobalt materials.

Hence, this Special Issue on nano- and microdispersed systems is very useful to
any researchers looking for new synthesis and applications, such as sensors, wastewater
treatment, and chemical conversion. This Special Issue will also be a valuable reference
point for future research in this field. From our Guest Editor team board, we congratulate
and thank all the authors who made valuable contributions to this issue. We also sincerely
thank all the expert members and reviewers who spent their valuable time and effort
reviewing all the papers. We would also like to thank the editorial team and all the
technical staff of Processes for their efforts.

Author Contributions: D.K. and G.K. writing—review and editing. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.
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Water-Soluble Carbon Quantum Dots Modified by
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Abstract: Industrialization is serious for changing the environment and natural water composition,
especially near cities and manufacturing areas. Logically, the new ultrasensitive technology for precise
control of the quality and quantity of water sources is needed. Herein, an innovative method of
polarization fluorescence analysis (FPA) was developed to measure the concentration of heavy metals
in water. The approach was successfully applied for precise tests with reduced analysis time and
increased measurement efficiency among laboratory methods. Based on this work, the investigations
established the new type of carbon quantum dots (CQDs) with controllable fluorescence properties
and functionalized amino—groups, which is appropriate for FPA. The parameters of one and two-step
microwave synthesis routes are adjusted wavelength and fluorescence intensity of CQDs. Finally,
under optimized conditions, the FPA is showed the detection of copper (2+) cations in water samples
below European Union standard (2 mg/L). Moreover, in comparison with fluorescence quenching,
polarization fluorescence is proved as a convenient, simple, and rapid test method for effective water
safety analysis.

Keywords: carbon quantum dots; polarization fluorescent analysis; fluorescence properties;
copper cation; water samples

1. Introduction

Recently, heavy metals have been shown to be a severe problem due to active industrialization.
The problem of environmental pollution is still the main attraction to enter eco-friendly technology.
A promising solution is needed for the present tests of toxic chemical elements, compounds, and active
ions in the environment sphere. The new alternative technology demands the new investigation and
enhancement for keeping up with the changing world [1]. Commonly, many reasons are compared
for appropriate research. Measurements will have identified a wide range of chemical compounds,
simultaneously with high performance, cost-effective, eco-friendly probe preparation, and elementary
experiment stages have not been [SL1] solved completely [2–4].

In the past few decades, the quantitative and qualitative laboratory methods include
chromatography, spectrophotometry, solid-phase extraction with atomic absorption spectroscopy,
and atomic emission spectroscopy, and mass-spectrometry with inductively coupled plasma for

Processes 2020, 8, 1573; doi:10.3390/pr8121573 www.mdpi.com/journal/processes3
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determining a heavy metal in water probe are generally used [5–10]. However, the methodologies are
not so much better for the large-scale laboratory measurements with the growing demand. One of
the strategies is to apply functional sensors, which are dedicated to a new measurement method [11].
From this side, quantum dots as optical nanosensors based on zinc, selenium, tellurium, and other
chemical element have a greater interest in the studies. Carbon dots are one of the best materials
for eco-friendly application. Today, particles are actively investigated as sensors for determining
the concentration of chemical compounds in aqueous media. There are so many different types of
inorganic nanoparticles with significant drawbacks: expensive precursors for synthesis, insolubility in
water, and toxic to the environment [12].

A new promising class of zero-dimensional carbon materials was evaluated as sensors from bio
and eco-compatible precursors with fine optical properties [13,14]. Over the past few decades, there
has been sustained research activity on carbon quantum dots (CQDs) with a size up to 10 nm [15,16]
due to stable and sensitively fluorescent properties [17]. A number of various types of CQDs are
still getting bigger over time, but the synthesis stage is common for all [18]. The synthesis of CQDs
is carried out in three separate routes: carbonization, passivation, and surface functionalization.
The temperature of carbonization is a very sensitive parameter above 300 degrees for the decomposition
of carbon-containing precursor [19]. For example, a plant material, such as fruit and nut peels, berries,
and juices, have shown the retention of specific functional groups [20] only up to 250 ◦C on particle
surface [21]. Moreover, the fluorescence spectrum and quantum yield of CQDs significantly depend
on the carbon and nitrogen ratio in the particle and suffer from inconsistent precursors. Consequently,
the preferable synthesis technique for adjusting the first stage is to use chemical compounds instead of
natural precursors [22]. Briefly, sulfur, nitrogen, and oxygen as inclusions are mutually involved in
nanoparticles for increased quantum yield [23]. Functional groups on the nanoparticle surface are
determined by practical application [24,25] in waste-water sensors technology [26]. The type and
number of groups influence optical properties [27]. For example, surface adsorption of harmful chemical
compounds leads to a strong fluorescence quenching [28,29]. The impurities and functional groups are
precisely coordinated contaminant molecules on the surface for excellent sensor properties. While a
variety of synthesis routes have been suggested, all its demanding hard-controllable morphology
optimization, reduction of surface defects, trap sites, as a result, enhance the fluorescence intensity of
passivated carbon nanoparticles.

Usually, the detection of heavy metals in samples is under consideration for concentration
cations in aqueous containing probe [30,31]. The measurements based on fluorescent, colorimetric
sensors [32,33], and visual detection [34] have many problems with pH tolerance, experiment time,
and solvent conditions of actual samples [35].

Herein, polarization fluorescence analysis (FPA) is represented as a new alternative optical
measurement. In this perspective, FPA establishes the fluorophore polarization effect, which depends
on surface absorption and sample viscosity. The parameters include more proven information about
sensitive chemical coordination near the double electron layer of the CQD surface. The measurement
data of FPA, in comparison with fluorescence quenching methods, confirm the effectiveness of CQDs
nano-sensors to determine copper cations in water.

2. Materials and Methods

2.1. Reagents and Materials

The precursors used in the synthesis: citric acid (99.8%), ascorbic acid (99.9%), ammonium
dihydrogen phosphate (99.0%), and Trilon-B (EDTA-Na2: disodium salt of ethylenediaminetetraacetic
acid) (99.5%). The analytical standards of Fe, Co, Ni, Cu, Zn, Ag, Au, Hg, Pb, and Sn, in the range from
1 × 10−5 to 1 × 103 mg/L concentration apply for confirming selective detection of the copper cation
in water.
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2.2. Instruments

Herein, the SUPRA MWS-1803MW microwave oven (Hangzhou, China) was used for the
synthesis procedure under 700 W microwave irradiation. The size distribution and morphology of
CQDs were characterized by transmission electron microscopy JEOL JEM-1400 (Tokyo, Japan). The size
measurements were provided on Malvern Zetasize Nano ZS particle size and particle zeta-potential
analyzer ZEN3600 (Malvern Panalytical Ltd, Malvern, UK). The optical properties of CQDs were studied
using the Agilent Technologies Cary Eclipse Fluorescence spectrophotometer (Santa Clara, CA, USA)
and Thermo Scientific Heλios α spectrophotometer (Waltham, MA, USA). IR-spectra of CQDs were
obtained from Thermo Scientific Spectrometer Thermo NICOLET 380 (Waltham, MA, USA) to identify
the functional groups. The express fluorescence polarization and intensity tests were conducted at
portable fluorimeter Sentry-100 (Waukesha, WI, USA).

2.3. Synthesis of CQDs

Firstly, the dry precursor’s mixtures were used for the first stage: CQD 1 (0.044 mol of citric acid
and 0.022 mol of ammonium dihydrogen phosphate), CQD 2 (0.044 mol of ascorbic acid and 0.022 mol
of ammonium dihydrogen phosphate), and CQD 3 (0.044 mol of citric acid, 0.022 mol of ammonium
dihydrogen phosphate and 0.004 mol of ethylenediaminetetraacetic acid disodium salt) were heated
for 1 min. The fluorescence wavelength and intensity were investigated by adding disodium salt of
ethylenediaminetetraacetic acid in the following amounts: 0.004, 0.005, 0.006, 0.007, and 0.008 mol.

For the two-step synthesis route, the 0.044 mol of ascorbic acid and 0.022 mol of ammonium
dihydrogen phosphate were irradiated for 1 min, and then 0.004 mol of ethylenediaminetetraacetic
acid disodium salt was added to continue reaction in 30 s for CQD 4. Additionally, the variety amount
0.004, 0.005, 0.006, 0.007, and 0.008 mol was added in the second step.

In the experiment, the sample in the crucible was cooled to room temperature and suspended in
3 × 10−2 L of water to collect the dark brown dispersion. The next required step is filtering through a
Millex-LG 0.2 μm IC filter cartridge (Millipore, Burlington, MA, USA). The 1 × 10−2 L of CQDs in a test
tube were centrifuged for 30 min on 12.4 g acceleration (14,500 rpm) to remove large particles. More
synthesis parameters are shown in Table 1.

Table 1. Ratio of precursors and time of microwave irradiation for carbon quantum dots (CQDs) sample.

S.No.
Sample

Code
Citric Acid,

mol
Ascorbic
Acid, mol

Ammonium
Dihydrogen

Phosphate, mol

1st Step
Microvalve

Irradiation, s

Trilon-B
(EDTA-Na2), mol

2nd Step
Microvalve

Irradiation, s

1. CQD 1 0.044 - 0.022 60 - -

2. CQD 2 - 0.044 0.022 60 - -

3. CQD 3_1 0.044 - 0.022 60 0.004 -

4. CQD 3_2 0.044 - 0.022 60 0.005 -

5. CQD 3_3 0.044 - 0.022 60 0.006 -

6. CQD 3_4 0.044 - 0.022 60 0.007 -

7. CQD 3_5 0.044 - 0.022 60 0.008 -

8. CQD 4_1 0.044 - 0.022 60 0.004 30

9. CQD 4_2 0.044 - 0.022 60 0.005 30

10. CQD 4_3 0.044 - 0.022 60 0.006 30

11. CQD 4_4 0.044 - 0.022 60 0.007 30

12. CQD 4_5 0.044 - 0.022 60 0.008 30

2.4. Detection of Metal Ions

The FPA is establishing a technique of measurements that considers surface absorption and
sample viscosity more informative in comparison with fluorescence intensity. According to the results,
CQD with constant fluorescence emission was preferable for measurement on portable fluorimeter
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SENTRY-100. The optical system of fluorimeter is poorer than laboratory equipment due to the optical
detector on 535 nm wavelength emission.

In experiments, the optical parameters of CQDs calculate for concentration from 0.1 mg/L to
20 mg/L in dispersion. In addition, the fluorescence quenching confirms on Agilent Technologies
Cary Eclipse Fluorescence spectrophotometer. The results fluorescence intensity (FI) of CQD with
different positions of the maximum emission spectra were chosen as the most appropriate particles
and compared with fluorescence intensity data on SENTRY-100 in Figure 1.

Figure 1. Fluorescence intensity of CQD 4 depends on the concentration in deionized water.
The emission peak is 530 nm (a), 560 nm (b), and 500 nm (c), respectively.

As reported before, the fluorescence intensity of CQD 4 was better for samples with the position
of fluorescence peak at 530 nm due to properties of CQD (530 nm) are more closest to the SENTRY-100
optical system, then 500 nm (Figure 1c) and 560 nm (Figure 1b). Moreover, the higher fluorescence
intensity may apply to reduce the concentration of CQDs in the measurement cuvette and also increase
the experiment sensitivity.

In this case, the CQD dispersion (the position of maximum fluorescence at 530 nm) with a final
concentration at 6.8 mg/L was designed, which corresponds to recommended fluorescence intensity
24,000 a.u. to achieve the maximum accuracy for FI and FP. The technique of metal cations concentration
measuring was studied in standard cations solutions of Fe, Co, Ni, Cu, Zn, Ag, Au, Hg, Pb, and Sn.
The concentration of metal cations was used from 10−5 mg/L to 103 mg/L and added in a volume of
2 × 10−5 L in mL CQD’s sample.

3. Results and Discussion

3.1. Characterization of CQD

In the present study, the better alternative microwave assistance synthesis of amino-functionalized
CQDs present. The order to evaluate the optical properties depend on the synthesis route [36],
the influence of precursors (a type of carbon source) was identified in Figure 2.

The core of fluorescence CQD 1 and CQD 2 with a varied source for carbonization stage correspond
with acid sources and position of absorption (ABS) peak. Briefly, in the equal amount of citric acid or
ascorbic acid, the ABS peak of CQD 1 at 250 nm, and the peak of CQD 2 is attributed to the right on
90 nm. The evolution between the Stokes shift of the first and second type of nanoparticles is slightly
different. The fluorescence (FL) peak excited at a maximum of ABS wavelength shown in Figure 2B at
410 nm and 500 nm for CQD 1 and CQD 2, respectively. Optical curves have been in equal intensity of
excitation and emission.

6
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Figure 2. Characterizations carbon core of CQD 1, CQD 2, (A) ABS curve CQDs from ascorbic or citric
acid as carbon source, (B) FL spectra of CQD 1 and CQD 2, corresponding with ABS spectra, (C) TEM
image and size distribution of CQD 1, and (D) TEM image and size distribution of CQD 2.

The morphology of nanoparticles and size distribution assessment provide from the TEM image.
Pictures showed similar quasi-spherical CQDs with size near 5 nm at both synthesis routes. Noticeably,
the average size for each type of dot is not correlating to FL peak position due to relative Stock shift at
ABS spectra attribute to the structure of the carbon bond in precursors [37].

3.2. Fluorescence Properties of CQD

In this case, the carbon source determined the position of maximum fluorescence as a limit
factor for CQDs design. The acids for CQD were saved in a molar ratio to ammonium dihydrogen
phosphate (oxidizer with phosphorus and nitrogen inclusions). The constant ratio supports the uniform
fluorescent core of carbon dots in the synthesis condition. Secondly, a similar effect was confirmed at
the amount of EDTA-Na2, if comparing CQD 3 and CQD 4, which was shown in spectra in Figure 3A–D,
respectively. In comparison, the ability of two-steps microwave irradiation to improve fluorescence
properties proven here.

As exhibited in spectra CQD 3 and CQD 4 in Figure 3A,C, the two-steps microwave irradiation
plays a key role in surface energy formation. In particular, the excitation in Figure 3C has attracted
attention to absorbance shift.

Moreover, in Figure 3B,D, the FI of CQD 4 is intensive twice more than CQD 3 and shows the green
and yellow colored light. Briefly, the CQD 3 represented a maximum emission wavelength of 535 nm
under 380 nm of exciting wavelength and all emission spectra in the 500–535 nm range. Opposite the
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CQD 4 shows the broad range of emission from 510 to 570 nm and a maximum emission wavelength of
570 nm under 400 nm of exciting wavelength. The key factor of the emission dependence is associated
with the coordinating center in EDTA-Na2 [38], which is safe for the structure and evenly distributed
on the particle surface. Consequently, the two-step microwave synthesis CQD 4 was shown to have a
better ability for fluorescent intensity, which can be controlled by changing the type and number of
precursors for functionalization.

Figure 3. (A) Absorbance spectra of CQD 3 with a different mol EDTA-Na2 (0.004, 0.005, 0.00. In this
case, the CQD dispersion (the position of maximum fluorescence at 530 nm) with a final concentration
at 0.68 mg/L was designed, 0.007, 0.008), (B) emission spectra of CQD 3, respectively, (C) absorbance
spectra of CQD 4 with a different mol EDTA-Na2 (0.004, 0.005, 0.006, 0.007, 0.008), (D) emission spectra
of CQD 4.

Size Distribution of CQD 1, 3 and 4

To explore fluorescence behavior, secondly, the size distribution of CQD was measured by a
dynamic light scattering method in Figure 4.

The size distribution exhibited the structure of the nanoparticles and affected to fluorescence
properties of quantum dots [39]. Herein, the curves of size distribution in Figure 3A correspond
with three types of CQD 1, CQD 3.3, and CQD 4.3 particles, respectively. These are attributed to the
core (CQD 1), the average size was near 3–4 nm. If EDTA-Na2 is added during the synthesis rote,
the average size increases to 6–7 nm for the one-step process and 8–9 nm for the two-step process,
as shown in Figure 3B, due to consecutive carbonization of precursors. The results show that the
average size of CQDs was effectively changed by steps of synthesis (in particular, the time of microwave
irradiation) [40].
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Figure 4. (A) Size distribution of CQD 1, CQD 3, and CQD 4. (B) The average size of CQD 1, CQD 3
and CQD 4.

3.3. FI Quench of CQD by Addition of Metal Ions

The technique of metal cations concentration measuring by CQD 4 with appropriate controllable
optical properties was studied in standard cations solutions of Fe, Co, Ni, Cu, Zn, Ag, Au, Hg, Pb,
and Sn. The results of fluorescence quenching for metal salt solutions were presented in Figure 5.

The bar charts in Figure 5A show that 5 × 10−5 L all-metal salt solution with 10−3 L CQD 4
dispersion close to fluorescence quenching to pure CQDs solution. In opposite to previous metals,
fluorescence intensity dramatically decreased after Cu2+ cations-coordinating reaction at CQD 4.
In particular, the result established reaction activity between nanoparticle and cupper cations [41].
As shown in Figure 5B,D, cupper cations can effectively quench the fluorescence of CQD 4 from
1 × 10−4 mg/mL to 1 g/mL. During the experiment, the accuracy of measurements is confirming by
the added-found approach. Fluorescence quenching demonstrated an interaction between the copper
cation and CQD.

First of all, the exploration of chemistry starts with FTIR analysis. The method was used as
an indicator to optimize measurements of Cu2+ in water samples. The FTIR spectra in Figure 5C.
are shown the functional groups on CQD 4 before adding the Cu2+ solution Figure 5Ca and after
Figure 5Cb. The CQD 4 reactions on the surface are characterizing by the peaks at 3420 cm−1 and
1420 cm−1 due to the change in line intensity of hydroxyl groups. A peak at 1700 cm−1 is attributed
to the carboxyl group, which is retained from citric acid. The peak at 1650 cm−1 was correlated with
the valence C =N bond and amino-groups on the surface of nanoparticles correspond with the peak
of 1095 cm−1. Carbon- carbon bonds, like C − C and C = C, are reflected by peaks of 1360 cm−11,
1230 cm−1. In summary, the IR-spectra, the hydroxyl, carboxyl, and amino groups on the CQDs surface
were found. Copper was causing an intensity change in the spectrum, which depend on the chemical
bonds in functional groups. The greatest change corresponds with Cu2+ and amino group reaction via
non-fluorescence complexes formation [42,43].

The concentration of copper ions was investigated in both: the FPA and FI quenching method,
in comparison by Sentry-100 measurements. The data of fluorescence polarization correlated
with the average angular displacement of the fluorophore, which occurs absorption to emission
photon. This value depends on the rotational diffusion of a fluorophore, which is determined by the
viscosity of the sample, temperature, and particle size. When viscosity and temperature are constant,
the fluorescence polarization shows particle size changes due to copper is joined to the CQD surface.
The ratio FI, FP, and concentration of copper cations are presented in Figure 6.
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Figure 5. (A) The fluorescence quenching effect of CQD 4 with metal cation in water, (B) Concentration
dependence for the fluorescence quenching of PL CQD 4 by Cu2+, (C) FTIR spectra of CQD 4 before
(a) and after (b) coordinated Cu2+ cations, and (D) The linear relationship between the fluorescence
intensity CQD 4 and the Cu2+ concentration.

Figure 6. Relative changes between fluorescence polarisation (a) and fluorescence intensity (b) of CQD
4 sample with different copper (2+) cations concentration.
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For FPA rapid analysis (Figure 6a) low detection limit of Cu2+ concentration is 1 mg/L, which is
comparable to fluorescence intensity (Figure 6b) measurements from outside laboratory location [44].
The method of measuring the fluorescence polarization allows determining concentrations, which are
compared with the fluorescence intensity method, but the errors show a high accuracy level. In addition,
functional groups react with copper ions, hence, the average size of carbon nanoparticles was increased.
The relative change in polarization values shows a fivefold data increase, opposite to fluorescence
intensity is limited to a range of measured concentrations. At the same, the relative measurement error
is reduced when using the method of FPA, which is more suitable for the determination of copper.

In particular, a calibration graph for FPA of Cu2+ concentration and fluorescence polarization of
CQD 4 is presented in Figure 7.

Figure 7. Calibration graph (A) CQD 4 fluorescence polarization values and copper (2+) cation
concentrations in the water sample from 1 mg/L to 1240 mg/L, (B) Up-scale graph for 0 mg/ml to 5
mg/ml copper (2+) cation concentrations
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A detection of limit in a water sample (7.7 μmol/L) investigated via the added-found method when
the linear relationship between the quantities from 1 mg/L to 1g/L (2 × 10−5 L added in a sample) is
constant. For comparative, standards of safe copper concentration in natural water 2 mg/L (WHO, EU).
Consequently, the FPA can be used to determine the safety and ecological state of water resources.

4. Conclusions

Recent studies have shown efficient two-step microwave-assisted synthesis of CQD. Nanoparticles
with improved optical properties and fluorescence maximum from 510 to 570 nm get via changing
the precursor amount at the second step of the approach. The amino groups on the surface of CQD 4
allowed the use of carbon nanoparticles for selective research of copper cations in aqueous samples
from 1 mg/L to 1 g/L. Confirming result is based on polarization fluorescence analysis, which admitted
to the measurement of a hundred simultaneous water intake samples. One of the advantages of the
method is the measurement ability for hard-to-reach or remote water sources. In conclusion, the time
to time screening of water safety and assessment of copper cations at the appropriate level, which
satisfactorily meets the limit of Cu2+ ions in drinking water (2 mg/L EU standard), was proven by FPA
based on CQD 4.
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Abstract: Three 40 wt % Pt/C electrocatalysts prepared using two different approaches—the polyol
process and electrochemical dispersion of platinum under pulse alternating current—and a commercial
Pt/C catalyst (Johnson Matthey prod.) were examined via X-ray diffraction (XRD) and transmission
electron microscopy (TEM). The stability characteristics of the Pt/C catalysts were studied via
long-term cycling, revealing that, for all cycling modes, the best stability was achieved for the Pt/C
catalyst with the largest platinum nanoparticle sizes, which was synthesized via electrochemical
dispersion of platinum under pulse alternating current. Our results show that the mass and specific
electrocatalytic activities of Pt/C catalysts toward ethanol electrooxidation are determined by the
value of the electrochemically active Pt surface area in the catalysts.

Keywords: nanoparticles; platinum catalyst; synthesis method; polyol process; electrochemical
dispersion; alternating current; ethanol electrooxidation; electrocatalysis; fuel cell

1. Introduction

A vast amount of global experience has so far been accumulated in the creation of electrocatalytic
materials for solid polymer fuel elements. In particular, elucidating the effect of composition and type
(platinum or platinum-free systems) of catalyst [1,2], size and content of electroactive particles [3],
composition and structure of support [4,5], and parameters that determine the performance of the
catalyst at the nanolevel, i.e., adsorption site structure [6] or the presence of metal nanoparticle
defects [7], on the efficiency of materials involved in the electrocatalytic processes running in proton
exchange membrane fuel cells (PEMFCs) is within the scope of many relevant works.

In addition to the long-term study of platinum-free electrocatalytic systems [1,8,9], attempts are
still being made to reduce the platinum content in the materials via the creation of composites,
where platinum is partly replaced with a base metal (alloys or core–shell structures) [10–12].
So, real PEMFCs still operate on pure Pt/C catalysts with a large amount (40 wt % or higher) of
platinum.The above parameters that determine the performance of the electrocatalytic material can
be varied by making relevant changes in the synthesis route. Currently, Pt/C electrocatalysts can be
obtained using two main approaches. The first is the so-called “bottom-up” approach, where platinum
nanoparticles are produced via the chemical reduction of platinum ions to metal Pt particles using
impregnation and microemulsion methods [13]. The other is represented by the “top-down” ways,
where the formation of platinum particles is achieved by the fragmentation of bulk platinum to
nanosized particles. Among these methods are ball-milling and laser ablation [14]. In other words,
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all top-down methods today are based primarily on physical phenomena. The use of chemical
(or electrochemical) top-down methods for the synthesis of metal nanoparticles and, especially,
supported nanocatalysts is a rather rare phenomenon. Although the influence of the synthesis
conditions of Pt-based catalysts on their electrocatalytic activity has already been investigated in some
works [15,16], only impregnation and microemulsion approaches were taken into account for this goal;
that is, two chemical bottom-up methods were compared. Thus, in the present work, the properties
of Pt/C catalysts obtained by two methods, which are both chemical but belong to the two different
groups of methods (a top-down approach and a bottom-up approach), are compared for the first time.

2. Materials and Methods

2.1. Chemicals

In the presented work, the following chemicals and materials were used: hexachloroplatinic
acid hexahydrate, H2[PtCl6]·6H2O (ACS reagent, ≥37.50% Pt basis, Merck KGa, Darmstadt,
Germany); sodium borohydride, NaBH4 (ReagentPlus®, 99%, Sigma-Aldrich, USA); sodium hydroxide,
NaOH (BioXtra, ≥98%, Sigma-Aldrich, St. Louis, Mo., USA); ethylene glycol, C2H6O2 (ReagentPlus®,
≥99%, Sigma-Aldrich, USA); sulfuric acid, H2SO4 (99.999%, Sigma-Aldrich, USA); ethanol, CH3CH2OH
(95%, Sigma-Aldrich, USA); ammonium hydroxide solution, NH4OH (ACS reagent, 28.0–30.0% NH3

basis, Sigma-Aldrich); acetone, CH3COCH3 (ACS reagent, ≥99.5%, Sigma-Aldrich, USA); platinum foil
(thickness 0.5 mm, 99.99% trace metals basis, Sigma-Aldrich); and carbon, Black Vulcan XC 72R
(Fuel Cell Store ©, College Station, TX, USA). Nafion™ perfluorinated resin, aqueous dispersion
(10 wt % in H2O, eq. wt. 1000), was also used. All solutions were prepared fresh daily in deionized
water (purified by a Milli-Q water system).

2.2. Synthesis of Pt/C via the Polyol Process

A carbon support with a weight of 0.2 g and H2[PtCl6]·6H2O solution were added to an ethylene
glycol/water (75 mL/30 mL) organic mixture. The carbon support concentration in the electrolyte
solution was 2 g L−1. The suspension of carbon support in NaOH solution was homogenized under
ultrasound for 30 min. An aqueous ammonium solution was then added dropwise to achieve a solution
pH of 11; the mixture was stirred in a magnetic stirrer for another 30 min. After that, 15 mL of a freshly
prepared 0.5МNaBH4 solution was introduced under constant stirring (200 rpm); the mixture was then
stirred for 50 min. At the end of the synthesis, the suspension was filtered and washed repeatedly with
acetone and distilled water to achieve a neutral pH value. The powdered electrocatalyst was dried at a
temperature of 75 ◦C until constant weight was reached. The catalyst obtained by the polyol process
was marked as sample “CH”.

2.3. Synthesis of Pt/C via EDPAC

Synthesis of Pt/C via the electrochemical dispersion pulsed alternating current (EDPAC) technique
was carried out as follows. Two electrodes made of Pt foil, each with a surface area of 6 cm2, were placed
into the electrolyzer with Vulcan XC-72 carbon support suspended in 2M NaOH aqueous solution.
The carbon support concentration in the electrolyte solution was 2 g L−1. The suspension of carbon
support in the NaOH solution was stirred and cooled to 45–50 ◦C before synthesis. During the synthesis,
a pulsed alternating current with a density of 1 A/cm2 (frequency 50 Hz) was applied to the platinum
electrodes to disperse them into metal nanoparticles, as described in a previous work [17]. The synthesis
was carried out with constant stirring (200 rpm). The metal loading in the catalyst was controlled via
the synthesis time. At the end of the synthesis, the suspension was filtered and rinsed with distilled
water to achieve a neutral pH value. The electrocatalyst powder was then dried at a temperature of
75 ◦C until constant weight was accomplished. The catalyst obtained by the EDPAC method was
marked as sample “ED”.

The platinum content in the synthesized Pt/C catalysts determined by thermogravimetry analysis.
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2.4. Physical Characterization

Thermogravimetric measurements were made on a Mettler Toledo TGA/DSC 1 in the range of
303–1073 K at a heating rate of 10 K/min under an air atmosphere.

The X-ray diffraction (XRD) data were collected on a Bragg−Brentano D8 Advance Bruker
laboratory diffractometer (40 kV/30 mA Cu Kα radiation) equipped with a lynxEye XE detector.
The diffractograms were recorded in the angular range 2θ = 20–90 angle at a scan rate of 0.18 angle/min,
with an accumulation time of 5 s per spectrogram. A standard powdered LaB6 sample (NISTSRM660a)
was used to find the instrumental resolution function. The structural and microstructural characteristics
of the composites were determined using the Rietveld refinement technique with two sets of linear
combinations of spherical harmonics for the Laue class m3m. The background was simulated with
2θ−6 coefficients of a polynomial function.

The measurements via transmission electron microscopy were made by means of a JEOL JEM 1400
microscope at an accelerating voltage of 120 kV in the light field. The phase composition of powders
was determined from the electron diffraction patterns that were indexed using the crystallographic
database. Samples were prepared via dispersion in ethanol and exposed to ultrasound for 10 min.
A droplet with suspended particles was applied onto copper meshes covered with a carbon film
(Holey Carbon Grid). Once the alcohol had evaporated, the meshes were placed in the microscope for
further analysis.

2.5. Electrochemical Measurements

All electrochemical measurements were made using a standard three-electrode cell. A working
electrode was made following a technique described in a previous work [17]. A platinum wire was
used as the counter electrode, and an Ag/AgCl electrode was the reference electrode, although all
potentials in the study are given relative to a reversible hydrogen electrode (RHE). The voltages were
recalculated relative to the RHE using the Nernst equation and preliminarily measuring the pH values
of the solutions used in the experiments.

The electrochemically active surface area (ECSA) was evaluated via CO stripping.
The CОadsorption was performed in a pre-deaerated background electrolyte (0.5 M H2SO4) at
E = 0.3 V. The ECSA was calculated with respect to the charge used in CОads oxidation, given the fact
that its value to oxidize a monolayer of CO adsorbed on Pt is equal to 420 μC cm−2.

The electrocatalytic activity of the Pt/C catalysts was determined via cycling voltammetry
through ethanol electrochemical oxidation (0.5 M H2SO4 + 0.5 M EtOH). To characterize the specific
activity, the current was correlated with the electrochemically active surface area (cm2) of platinum.
The operation stability of the Pt/C electrocatalysts was evaluated via multiple cycling in 0.5МH2SO4 in
obedience to stress testing modes [18,19], and the relevant data are listed in Table 1.

Table 1. Experimental conditions for evaluation of the operation stability of the Pt/C catalysts during
cycling. The electrochemically active surface area (ECSA) during cycling was calculated using the
HUPD method.

Parameter Accelerated Ageing, Mode 1 Soft Ageing, Mode 2

Number of cycles 1500 5000
Electrolyte 0.5 М H2SO4 0.5 М H2SO4

Temperature (◦C) 22–23 22–23
Potential range (V) 0.05–1.35 0.6–1.0

Potential sweep rate (mV s−1) 50 100
ECSA measurement Every 100 cycles Every 500 cycles

The microstructural and electrochemical characteristics of the ED and CH Pt/C catalysts were
compared with those of a commercial 40 wt % Pt/C catalyst (Johnson Matthey) that was marked as
sample “JM”.
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3. Results and Discussion

3.1. Physical Characterization of Pt/C Electrocatalysts

All the synthesized Pt/C composites exhibited the presence of XRD reflexes corresponding to an
fcc lattice (Fm3m) of platinum, as observed in Figure 1a. The microstructural characteristics, as well
as the unit cell parameters of the catalysts, were found via Rietveld refinement of the diffractograms
(see Table 1). According to the results, we have the following:

Figure 1. (a) XRD powder patterns of the Pt/C catalysts; (b) Particle size distribution of catalysts.
The blue line refers to the catalyst prepared by the electrochemical dispersion pulsed alternating current
technique (ED), the green curve is associated with commercial catalyst (JM), and the red curve is from
the catalyst obtained by the polyol process (CH).

(i) The average Dav value of the Pt nanoparticles in the samples ranges from 2.5 to 4.7 nm; in the
case of the ED catalyst prepared via the electrochemical method, the Dav value is almost twice as high
as those of the commercial catalyst and the CH sample obtained via the polyol process.

(ii) The unit cell parameter of the Pt/C nanoparticles is smaller than that for bulk Pt, reducing with
a decrease in Pt particle size on account of the size effect by analogy with a situation described in a
previous work [20].

(iii) The anisotropy factor R = D200/D111, determining the Pt nanoparticle shape [21], is almost
equal for all samples and refers to the R factor of a cuboctahedron.

(iv) The geometric surface area of the catalyst nanoparticles, calculated according to the technique
reported in a previous work [22], as well as the average size and particle size distribution are given in
Table 2. The particle size distributions are also shown in Figure 1b.

Table 2. XRD data of the Pt/C catalysts.

Sample ED CH JM

Dav (nm) 4.74 2.55 2.48
ΔDav 0.86 0.5 0.2

D111 (nm) 6.68 2.76 2.70
D200 (nm) 4.71 2.08 2.01
D200/D111 0.78 0.77 0.83
<D> (nm) 5.56 2.69 2.68
σ (nm) 3.49 1.63 1.69

Sgeom (m2 g−1) 28.13 59.96 58.14
a (Å) 3.9153 3.9133 3.9151

It can be clearly seen in the TEM images (Figure 2a–c) of the catalysts that the most uniform
distribution of platinum nanoparticles over the carbon support surface was observed in the JM sample.
For the CH and JM composites, the Pt nanoparticle sizes were found by TEM to be 4.9 nm and 3.5 nm,
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respectively, while the ED sample demonstrated an average Pt nanoparticle size of about 10.4 nm.
This may be due to a greater degree of agglomeration of platinum nanoparticles in the ED sample.

Figure 2. (a)–(c) Transmission electron microscopy images and (d)–(f) platinum particle size
distributions in the Pt/C electrocatalysts: ED (a,d), CH (b,e), and JM (c,f) samples; a comparison
of Pt particle sizes (D111) evaluated via XRD and TEM (h); TGA of the ED, CH, and JM samples (i).

This tendency of Pt nanoparticle size variation depending on the catalyst synthesis conditions
coincides with the XRD results (Figure 2h). Meanwhile, the ratio of Pt nanoparticle sizes evaluated via
TEM to those provided by XRD (DTEM/DXRD) is much higher for the ED and CH composites than for
the JM sample. This is testimony to the higher degree of agglomeration of ED and CH as compared to
the commercial JM composite. That leads us to the following questions: What is the reason for such a
large difference in the degree of platinum agglomeration in Pt/C samples obtained via different ways?
Does it mean that agglomeration deteriorates the properties of the electrocatalyst?

Recall that the ED sample was produced via the “top-down” route, i.e., by the dispersion of
platinum electrodes in the electrochemical cell at high cathode potentials. To interpret the mechanism
of formation of platinum nanoparticles from bulk metal in the electrochemical system, we can offer the
following explanation: platinum dispersion through (i) the emergence of intermetallic compounds of
platinum with the electrolyte cation that is then decomposed by water (electrochemical dispersion) [17];
(ii) the formation of platinum anions stabilized with electrolyte cations that are precursors of platinum
nanoparticles (cathodic corrosion) [23].

According to both approaches, platinum particles may form at only the cathode potentials.
However, the dispersion of platinum in previous works [17,24,25] was implemented using pulsed
electrolysis modes with short-term achievement of high anode potentials (>2 V) that make it possible
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to form three forms of chemisorbed oxygen and phase platinum oxides, the presence of which
may simplify the intercalation of alkaline metal ions in the adsorption layer and thus increase the
reaction rate. At low platinum contents in Pt/Al2O3 catalysts, X-ray absorption spectroscopy (XAS)
revealed partly oxidized platinum nanoparticles PtOx [24] that were not detected in a Pt/C (20% Pt)
catalyst [17,25]. The important role of the anode current component, as well as that of the pH level of the
near-electrode layer in terms of anodic dilution of noble metals during electrochemical release of oxygen
was mentioned in several works published by Karl Mayrhofer’s scientific group [26–31]. The ability to
form colloidal Pt particles due to the formation of poorly soluble complexes [Ptδ+ . . . O2

δ−] on the
electrode surface during charge transfer involving molecular oxygen was also noted in [32].

Thus, in spite of differences in understanding the mechanisms of formation of platinum-group
metal nanoparticles via dispersion of a metallic electrode by electric current, it appears that the most
important feature of the EDPAC method of producing Pt/C catalysts is the ability to form platinum
nanoparticles in the near-electrode layer independently of the properties of the support. That, however,
favors the presence of agglomerated platinum particles in the ED sample (Figure 2h) and broadens the
platinum particle size distribution (Figures 1a and 2d).

Polyol synthesis of Pt/C catalysts using NaBH4 as a reducing agent is one of the most common
methods used to produce platinum-containing catalysts. The high reactivity of NaBH4 as a reducing
agent is among its most important benefits, allowing platinum to be reduced [33]. The use of ethylene
glycol during the synthesis is due to the ability of glycolic acid anions to adsorb on the platinum particles’
surface and to play the role of a stabilizing agent [34]. Regardless of the presence of a stabilizing agent,
the high rate of Pt reduction impedes efficient control of the phase formation processes, resulting in
nonuniform Pt nanoparticle distribution within a catalyst. Another reason for platinum agglomeration
during the polyol synthesis of Pt/C catalysts is the influence of the carbon support surface state.
As is known, the nature and state of the support exert a strong influence on the lattice strain, size,
and distribution of mono- and polymetallic platinum-group metal nanoparticles [35–37].

Thus, in spite of the fact that both syntheses were carried out under identical hydrodynamic
conditions, the degrees of agglomeration of Pt nanoparticles in the catalysts are different, which is due
to the fundamentally different mechanisms of Pt nanoparticle formation during the polyol process and
EDPAC synthesis.

According to TEM data, the commercial JM catalyst exhibits a uniform distribution of Pt
nanoparticles within the support surface and a narrow nanoparticle size distribution (Figure 2c,f,h).
In addition, with a decrease in the size of Pt nanoparticles in the catalyst, the temperature of the
onset of thermal oxidation of carbon also decreased during thermogravimetric analysis of the Pt/C
sample (Figure 2i). It should be also noted that the platinum content in the synthesized Pt/C catalysts
determined by thermogravimetry was 40 ± 1 wt %.

The presence of platinum agglomerates in the ED catalyst reduces the electrochemically active
surface area (ECSA) of ED. Only a part of the platinum surface participates in redox processes,
decreasing the mass activity of the catalyst. Meanwhile, studies [38,39] have revealed a positive effect
of agglomerated Pt particles on the kinetics of CОoxidation, due to the fact that OH and CO species
participating in the reaction are adsorbed on different nanoparticles, resulting in inter-particle processes.

3.2. Electrochemical Measurements

The electrochemically active surface area (ECSA) is one of most important characteristics of Pt/C
electrocatalysts. To evaluate the surface area of porous materials, there is a frequently used method
based on physical adsorption of nitrogen, the so-called Brunauer–Emmett–Teller BET method [40].
However, for Pt/C catalysts, most important is the surface area of the platinum particles, on which an
electrochemical reaction is possible [41].

Among the most popular electrochemical methods for evaluation of the ECSA in Pt/C
electrocatalysts is hydrogen underpotential deposition (HUPD) [42]. Typically, to determine the
ECSA with respect to the charge involved in hydrogen desorption (via the HUPD method),
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cyclic voltammograms are recorded in different potential ranges [43]. Figure 3a displays part of the
cyclic voltammogram (CV) curves (sample CН) for the Н2 adsorption/desorption region, acquired in
0.5 M H2SO4 under nitrogen in potential ranges of 0.03–1.3 V and 0.05–1.3 V vs. RHE. Even a slight
shift in the cyclic potential boundary by 20 mV to the cathode range alters the ECSA value (the shaded
area in Figure 3a), i.e., this method brings some experimental errors, which leads to an increase in the
ECSA for Pt/C electrocatalysts (Table 2). Moreover, the accuracy in determining the ECSA via the HUPD

method may decrease because of a spill-over effect based on the transition (surface diffusion) of poorly
adsorbed hydrogen from the Pt surface to the carbon support surface, resulting in a smaller amount of
electricity consumed for adsorption/desorption of H2 and, consequently, in a lower ECSA value.

Figure 3. (a) Н2 adsorption/desorption range of cyclic voltammogram (CV) curves of Pt/C (sample CH)
in 0.5 М H2SO4, N2 atmosphere, potential ranges 0.03–1.3 V (1), 0.05–1.3 V vs. the reversible hydrogen
electrode (RHE) (2); CO stripping on the Pt/C catalysts ED (b), CH (c), and JM (d) in electrolyte 0.5 M
H2SO4 with a scan rate of 20 mV s−1.

For this reason, the ECSAs of the Pt/C electrocatalysts were evaluated using CO stripping
(Figure 3b,c). CO stripping is the most commonly discussed electrocatalytic reaction [44–48].
The mechanism of electrooxidation of CОon a Pt surface is described by the Langmuir–Hinshelwood
mechanism. The ECSA is determined with respect to the charge involved in CОads oxidation, given that
the oxidation of a CO monolayer adsorbed on Pt requires a value of 420 μC cm−2.

It was observed that the ECSA increased with decreasing Pt particle size in the catalyst at all
degrees of particle agglomeration (Table 3, Figure 2h). The highest ECSA value was for the commercial
JM catalyst at 26 ± 0.5 m2 g−1. It should be noted that in various studies (Table 3), the ECSA values
of the JM catalyst (40 wt % Pt) differed from each other by more than a factor of 10 (from 18 to
190 m2 g−1), despite the fact that quite similar procedures were used to prepare the “catalytic inks”
and working electrodes.

It is worth mentioning that the Eonset and Epeak values behave as a function of the average platinum
nanoparticle size, being the highest for the JM Pt/C catalyst. This dependence seems to be due to a rise
in the binding energy of CОand the Pt surface with decreasing Pt nanoparticle size [48]. Among other
reasons could be the difference in the degree of surface defectiveness of the particles that are the active
centers for OHads adsorption and the variance in COads surface mobility [45,48].

The most important functional feature of Pt/C electrocatalysts is their operation stability,
maintaining stability of their ECSA. Degradation of a Pt/C electrocatalyst can be due to the dilution of
platinum nanoparticles, their agglomeration and isolation by the ionomer, or oxidation of the carbon
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support [19,49,50]. The operation stability of the Pt/C electrocatalysts was evaluated using express tests
in different voltammetric cyclic modes. The cyclic conditions corresponding to express testing modes
were applied in this work [18,19] to study the operation stability of the electrocatalysts (Table 1).

During cycling of the Pt/C catalysts in Mode 1, the relative change in ECSA was 47% (ED) to 17.8%
(CH). The ECSA of the ED sample decreased in a monotonic manner (Figure 4a), while the CH and JM
samples exhibited high rates of degradation. The CНand JM composites lost more than 80% of their
electrochemically active surface areas, with surface area losses of more than 40% at 500 cycles.

A similar tendency was observed during cycling in Mode 2. It is worth mentioning that the ECSA
of the ED sample in this cycling mode reached a maximum value by only the 1000th cycle, which is
due to the presence of partly oxidized Pt nanoparticles obtained via electrochemical dispersion [17,51]
and, consequently, to slower catalytic activity upon cycling in a narrow potential range.

Table 3. Comparative ECSA values of Pt/C electrocatalysts obtained by polyol methods and the
commercial JM catalyst in different labs.

Sample Preparation Method Particle Size, nm ECSA (m2 g−1)/Technique Ref.

JM (40 wt % Pt/C)

3.0 50.9/HUPD [52]
3.5 46.4/HUPD [53]
- 39.4/HUPD [54]

3.1 49 ± 1/HUPD [55]
4.6 60.8/HUPD [56]
3.0 74.5/CO stripping [57]
3.5 29.0/HUPD [58]
- 63.9/HUPD [59]

3.09 43.9/HUPD [60]
3.0 54.21/HUPD [61]
3.0 46.4/HUPD [62]
5.1 18.17/HUPD [63]
3.4 36.3/HUPD [64]

3.76 190.0/HUPD [65]
3.5 18.0 ± 0.1/HUPD

1 This work
22.0 ± 0.2/HUPD

2 This work
26.0 ± 0.5/CO stripping 3 This work

30 wt % Pt/C/polyol process 3.6 - [66]
19 wt % Pt/C/polyol process 2.0 99.0 ± 10/HUPD [67]
40 wt % Pt/C/polyol process 2.9 - [68]

40 wt % Pt/C/microwave-assisted polyol synthesis 2.6 ± 0.7 - [69]
40 wt % Pt/C/polyol synthesis 3.1 58.6/HUPD [49]
40 wt % Pt/C/polyol synthesis 2.9 53.0/HUPD [34]

CH (40 wt% Pt/C)/polyol synthesis 2.55 (XRD)
13.0 ± 0.1/HUPD

1 This work
15.0 ± 0.2/HUPD

2 This work
22.0 ± 0.2/CO stripping 3 This work

1 Potential range of 0.05–1.30 V; 2 Potential range of 0.03–1.26 V; 3 Eads = 0.3 V vs. RHE.

The electrocatalytic activity of the Pt/C catalysts was studied by using the example of ethanol
oxidation reaction (EOR). Figure 5a,b shows the cyclic voltammograms (CVs) of the Pt/C catalysts in
0.5 M H2SO4 + 0.5 M EtOH electrolyte. The anodic CV range at E = 0.7–1.1 V exhibits the ethanol
oxidation peak. The decrease in current density at potentials E ≥ 1.0 V is due to the removal of adsorbed
ethanol intermediates and to the adsorption of oxygen-containing particles. The cathodic CV range
also reveals the ethanol oxidation peak, but at potential values of E = 0.9 ÷ 0.4 V.

It is worth mentioning the influence of the ECSA of Pt/C catalysts on their mass (MA) and specific
activity (SA) as determined using the current density of the ethanol oxidation peak in the anodic CV
range. As seen in Figure 5c, the larger the ECSA, the lower the surface activity of the Pt/C catalysts,
while the mass activity as a function of the ECSA follows the reverse trend.
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Figure 4. Stability of the Pt/C electrocatalysts as a function of the cyclic potential range:
(a) 0.05–1.3 V vs. RHE; (b) 0.6–1.0 V vs. RHE.

Figure 5. CV curves of the ED, CH, and JM Pt/C catalysts in 0.5 M H2SO4 + 0.5 M EtOH, scan rate
20 mV s−1 (a,b); specific activity and mass activity during the ethanol oxidation reaction (EOR) processes
versus the ECSA of Pt/C catalysts, black balls—ED sample, red balls—CH sample, green balls—ED
sample (c); durability of the ED, CH, and JM Pt/C catalysts in 0.5 M H2SO4 + 0.5 M EtOH (d).

The stability of the Pt/C catalysts (Figure 5d) obtained in 0.5 M H2SO4 electrolyte containing 0.5 M
EtOH was estimated from the decrease in current density of the ethanol oxidation peak in the anodic
CV range during 200 cycles of the Pt/C catalysts in the potential range of 0.05–1.3 V.

The ED composite exhibited a characteristic linear decrease in catalytic activity in the EOR.
The commercial JM sample revealed a comparatively high degree of degradation in the first 50–100 cycles.
However, by the 200th cycle, the degree of degradation of the JM and ED catalysts was ~7%, whereas that
for the CH sample reached ~14% (Figure 5d). The relatively low tendency of the ED sample to degrade
during cycling in both 0.5 M H2SO4 and 0.5 M H2SO4 + 0.5 M EtOH electrolyte seems to be thanks to
the larger sizes of its Pt particles, which impede their quick agglomeration. Moreover, it was shown in
a previous work [17] that Pt nanoparticles prepared via the electrochemical dispersion of platinum
electrodes exhibit (100) crystallographic orientation of the Pt nanoparticles, which is more energetically
favorable for the adsorption of oxygen atoms [70].

4. Conclusions

Two Pt/C catalysts were produced via fundamentally different methods. The ED sample obtained
via electrochemical dispersion of platinum under the action of a pulsed alternating current (top-down)
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was characterized by a broad platinum nanoparticle size distribution; the average Pt nanoparticle
size provided by TEM was 10.4 nm. The CH composite produced via the polyol (bottom-up) method
revealed a narrow Pt nanoparticle size distribution in comparison to the ED sample; the average
Pt nanoparticle size was found to be 4.9 nm. Both catalysts were compared with a commercial Pt/C
composite (Johnson Matthey, or JM) that evidenced the lowest degree of platinum nanoparticle
agglomeration (against ED and CH). The ECSA value of the commercial JM sample was shown to
strongly differ in various literature sources. Thus, both the ECSA and the catalytic activity of Pt/C
electrocatalysts depend on the working electrode formation method and the experimental conditions.
Moreover, the mass and specific activities of the catalysts are first of all determined by the ECSA value.
Thus, it is essential to compare the different Pt/C catalysts in terms of their mass and specific activities.

To conclude, the bottom-up approach enabled us to obtain a Pt/C electrocatalyst (CH sample)
in which the average size of platinum nanoparticles was 4.9 nm and nanoparticles were uniformly
distributed within a carbon support surface. On the one hand, a relatively high ECSA ensured high
weight activity of the CH catalyst in the EOR process; on the other hand, the degree of degradation
of the catalyst during long-term cycling in 0.5 M H2SO4 and 0.5 M H2SO4 + 0.5 M EtOH electrolytes
was relatively high. The top-down method, namely, the electrochemical dispersion of platinum under
the action of pulsed alternating current, allowed us to produce a Pt/C electrocatalyst (ED) with larger
platinum nanoparticles (10.4 nm) and a comparatively low ECSA value that exhibited high stability
during cycling, whether placed in the background electrolyte or in ethanol. Despite the fact that
samples JM and CH have higher mass activity in comparison with ED, these samples also have a
higher tendency to degrade. Based on this, it can be assumed that, as a result, the mass activity of
samples JM and CH is at least that of the ED sample. However, to establish this as fact, it is necessary
to carry out longer experiments not in model conditions but in a single cell of a fuel cell.
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Abstract: Pt/C, PtMOn/C (M =Ni, Sn, Ti, and PtX/C (X = Rh, Ir) catalyst systems were prepared by
using the pulse alternating current (PAC) technique. Physical and electrochemical parameters of
samples were carried out by x-ray powder diffraction (XRD), transmission electron microscopy (TEM),
and CO stripping. The catalytic activity of the synthesized samples for the ethanol electrooxidation
reaction (EOR) was investigated. The XRD patterns of the samples showed the presence of diffraction
peaks characteristic for Pt, NiO, SnO2, TiO2, Rh, and Ir. The TEM images indicate that the Pt, Rh, and
PtIr (alloys) particles had a uniform distribution over the carbon surface in the Pt/C, PtRh/C, PtIr/C,
and PtMOn/C (M =Ni, Sn, Ti) catalysts. The electrochemically active surface area of catalysts was
determined by the CO-stripping method. The addition of a second element to Pt or the use of hybrid
supported catalysts can evidently improve the EOR activity. A remarkable positive affecting shift of
the onset potential for the EOR was observed as follows: PtSnO2/C > PtTiO2/C ≈ PtIr/C ≈ PtNiO/C >
PtRh/C ≈ Pt/C. The addition of SnO2 to Pt/C catalyst led to the decrease of the onset potential and
to significantly facilitate the EOR. The long-term cyclic stability of the synthesized catalysts was
investigated. Thereby, the PtSnO2/C catalyst prepared by the PAC technique can be considered as a
promising anode catalyst for direct ethanol fuel cells.

Keywords: direct ethanol fuel cell; platinum-based catalyst; electrocatalysis; pulse alternating current

1. Introduction

Fuel cells (FCs) have attracted much attention due to limited energy resources and environmental
factors worldwide [1]. Conversion of the chemical energy of the fuel into electrical energy occurs
in one stage in FCs. The advantages of FCs are undeniable compared to traditional energy sources.
These include zero emissions into the atmosphere, low working temperature, and high efficiency. It is
customary to use hydrogen as fuel in a FC. Hydrogen has the largest energy reserve per unit weight.
However, difficulties arise when storing hydrogen. The most effective form for transporting and
storing this chemical element is a liquid state. However, gas can be converted to liquid form only at a
temperature of −253 ◦C, which requires special containers, equipment, and considerable financial costs.

FC with direct oxidation of liquid fuel is an alternative to hydrogen FC. Liquid fuel (ethanol
and methanol) have several advantages over hydrogen: ease of transportation, storage, use, and low
cost [2]. Ethanol is a renewable biofuel derived from biomass by fermentation [3]. This is why in recent
years, more and more attention has been paid to direct ethanol fuel cells (DEFCs). The performance of
fuel cells using ethanol as fuel is not inferior to the performance of methanol fuel cells [4].
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The efficiency of DEFCs is determined by parameters such as the properties of the polymer
electrolyte membrane, gas diffusion layer, structural decisions, the appropriate temperature, and
balance in the system. However, the most important factor is the activity of the catalyst. Platinum on
carbon support (Pt/C) is commonly used as the catalyst in FC. It is well known that the surface of the
catalyst is a critical factor influencing its performance. Therefore, high surface area materials have been
developed. Typically, the active phase is dispersed on a conductive support such as carbon. However,
pure platinum is not the most efficient anodic catalyst for DEFCs [5].

The ethanol oxidation reaction (EOR) at the platinum consists of parallel reactions. For successful
ethanol electrooxidation, the catalyst must adsorb the ethanol molecule, contributing to the dissociation
of the C–C and C–H bonds. This will lead to the formation of adsorbed intermediates [6]. In addition,
it must alleviate the reaction of the adsorbed intermediates with some oxygen containing particles to
form carbon dioxide, formic, or acetic acids. Thus, a balance between the O-containing particles and
adsorbed organic molecules should be maintained on the surface of the catalyst. This problem can
be solved by increasing the electrolyte pH. This will lead to a change of EOR kinetics [7]. However,
the most effective is to use a two-component catalyst including the alloys of platinum with oxygen
adsorbing metals (Ir [8], Rh [9]) or using metal oxides (NiO [10], SnO2 [11], TiO2 [12]) as a catalyst
support. In this case, the ethanol molecules adsorb on the platinum surface, while the oxygen adsorbing
metal or metal oxides provide the presence of O-containing particles in the reaction zone.

In this study, we used the pulse alternating current (PAC) technique for the synthesis of Pt/C,
PtMOn/C (M = Ni, Sn, Ti), and PtX/C (X = Rh, Ir) catalyst systems and compared their electrocatalytic
properties in the ethanol oxidation reaction (EOR).

2. Materials and Methods

The synthesis of Pt, NiO, SnO2, TiO2, Rh, and PtIr nanoparticles occurred under the pulse
alternating current (duty cycle 25%). The ratio of the current density between the anodic and cathodic
pulses was 1:1. The PtMOn/C (M =Ni, Sn, Ti) and the PtRh/C catalysts were prepared in two stages.
In the first stage, two metal (Ni, Sn, Ti, Rh) electrodes (thickness of 0.3 mm) were immersed in an
electrolyzer with a Vulcan XC-72 carbon support suspended in 2 M NaOH (for Ti and Ni) or a 2 M NaCl
(for Sn and Rh) aqueous solution. The suspension was permanently stirred and cooled to 45–50 ◦C.
The metal electrodes were connected to an alternating current source. The formation of MOn particles
and Rh nanoparticles occurred under the influence of PAC on the electrodes. The as-prepared MOn/C
or Rh/C powders were collected by filtration and washed with distilled water. In the second stage, two
Pt electrodes were immersed in the suspension of MOn/C or Rh/C support in a 2 M NaOH aqueous
solution. PAC was applied to the electrodes again and platinum nanoparticles were dispersed into
the electrolyte. The prepared PtMOn/C (M = Ni, Sn, Ti) and PtRh/C catalysts catalyst was rinsed
with H2O to a neutral pH. Catalysts were dried at 80 ◦C until a constant weight. Pt/C and PtIr/C
catalysts were obtained using Pt and PtIr (alloy) electrodes in a carbon (Vulcan XC-72) suspension
in 2 M NaOH in one stage. The metal phase loading in the catalyst or metal oxide loading in the
catalyst support was determined by the weight loss of the metal electrodes (Pt, Ni, Sn, Ti, Rh, PtIr)
and the results of thermogravimetry. The results of thermogravimetry showed a correlation with the
theoretical composition of the catalysts, calculated from the weight loss of the metal electrodes (Pt, Ni,
Sn, Ti, Rh, and PtIr) during synthesis.

The x-ray powder diffraction (XRD) studies were performed with an ARL X’TRA powder
diffractometer, Thermo Scientific, (Cu Kα target, λ = 1.5418 Å). XRD data were collected in the 2θ range
of 20◦–85◦ using step scan mode. The average grain size was determined using the Scherrer equation:

D = Kλ/(FWHM·cosθ) (1)

where D is the volume averaged grain size; λ is the x-ray wavelength; FWHM is the full width at half
maximum of the diffraction peak; K = 0.89 is the dimensionless particle shape coefficient (Scherrer
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constant); and θ is a diffraction angle. The unit cell parameters (a) were determined with the UnitCell
program using all peaks in the X-ray diffraction pattern.

Transmission electron microscopy (TEM) images were obtained with a JEM-2100 unit (200 kV).
Suspension of a catalyst sample in hexane was prepared to study the obtained catalysts by TEM.
The sample for analysis was prepared by depositing a droplet of the suspension onto an amorphous
carbon-coated copper grid.

All electrochemical measurements were performed at room temperature using a standard
three-electrode electrochemical cell and a P-45-X potentiostat (Elins, Russia). Electrochemical properties
of the prepared catalyst systems were investigated by cyclic voltammetry (CV). A glassy carbon plate
served as a working electrode, which was coated with “catalytic ink” prepared using 10 wt% Nafion
dispersion, according to the technique [13]. A Pt wire was an auxiliary electrode, and an Ag/AgCl
electrode was a reference electrode. All potentials presented in this work are quoted versus a reversible
hydrogen electrode (RHE). The electrochemically active surface area (ECSA) was evaluated via
CO-stripping. The CO adsorption was performed in a pre-deaerated background electrolyte (0.5 M
H2SO4) at E = 0.3 V vs. RHE. The ECSA was calculated from the charge value used for COads oxidation,
taking into account that the oxidation of a carbon monoxide monolayer on Pt needs 420 μC·cm−2 [14].
The electrocatalytic properties were investigated in the 0.5 M C2H5OH + 0.5 M H2SO4 solution over a
potential range between 0.05 and 1.3 V (RHE).

The long-term cyclic stability of the synthesized Pt/C, PtMOn/C (M = Ni, Sn, Ti) and PtX/C
(X = Rh, Ir) catalysts was investigated by cycling in 0.5 M H2SO4 over a potential range of 0.05–1.3 V
vs. RHE.

3. Results and Discussion

The metal or metal oxide content in the catalyst system was controlled by the time of synthesis based
on the preliminarily found dispersion rates for the Pt, Ni, Sn, Ti, Rh, and PtIr electrodes. The dispersion
rates were determined experimentally and amounted to 21, 38, 45, 50, 12, and 19 mg· cm−2·h−1 for
Pt, Ni, Sn, Ti, Rh, and PtIr, respectively. The compositions of the obtained catalysts are presented in
Table 1.

Table 1. Characteristics of Pt/C, PtNiO/C, PtSnO2/C, PtTiO2/C, PtRh/C, and PtIr/C catalysts.

Sample Composition,% a, Å D, nm (Pt Nps)
ECSA, m2·g−1

(CO Stripping)
Epic, V (RHE) Eonset, V (RHE)

XRD TEM CO-Stripping EOR

Pt/C Pt–25
C–75 Pt–3.9178 9.0 ± 1.0 8.0 ± 0.8 13.2 ± 1.0 0.585 0.675

PtNiO/C
Pt–25

NiO–30
C–45

Pt–3.9178
NiO–4.194 9.3 ± 1.0 6.0 ± 0.6 16.0 ± 1.0 0.616 0.593

PtSnO2/C
Pt–25

SnO2–30
C–45

Pt–3.9178
SnO2-4.739 14.8 ± 1.0 6.0 ± 0.7 18.1 ± 1.0 0.442 0.535

PtTiO2/C
Pt–25

TiO2–30
C–45

Pt–3.9178
TiO2-3.796 10.4 ± 1.0 6.0 ± 0.7 9.0 ± 1.0 0.475 0.559

PtRh/C
Pt–17
Rh–8
C–75

Pt–3.9178
Rh-3.8022 8.2 ± 1.0 7.0 ± 0.6 14.4 ± 1.0 0.656 0.575

PtIt/C Pt90Ir10–25
C–75 PtIr-3.9149 5.5 ± 1.0 5.0 ± 0.5 12.3 ± 1.0 0.507 0.569
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The prepared materials were investigated by XRD. The XRD patterns of the Pt/C, PtRh/C, PtIr/C,
and Pt/MOn/C catalysts synthesized via the PAC-technique are shown in Figure 1.

 
Figure 1. X-ray powder diffraction patterns of the Pt/C, PtNiO/C, PtSnO2/C, PtTiO2/C, PtRh/C, and
PtIr/C catalysts.

XRD analysis showed the presence of a face-centered cubic structure Pt (Fm3m (No. 225)) in all
of the catalyst samples. The analysis of the XRD patterns indicated the presence of titanium dioxide
as anatase and rutile, tin dioxide with a tetragonal structure of SnO2 (P42/mnm (No. 136)), and a
nickel oxide cubic structure (Fm3m, JCPDS 75-0269) for the PtTiO2/C, PtSnO2/C, and PtNiO/C samples,
respectively. Diffraction peaks characteristic for Rh and Ir were similarly observed in the PtRh/C and
PtIr/C catalysts, respectively. The average size of crystallites in the synthesized catalysts was calculated
from the data of the x-ray diffraction analysis (Figure 1, Table 1).

Figure 2 depicts the TEM image of the as-prepared catalysts. The surface average particle sizes
presented in Table 1 were obtained by measuring the sizes of 200 particles randomly selected from
the TEM images. Transmission electron microscopy studies of the Pt/C, PtRh/C, PtIr/C, and PtMOn/C
catalysts revealed that the Pt, Rh, and PtIr (alloys) particles had a uniform distribution over the carbon
surface. In addition, the platinum nanoparticles had a uniform distribution over the surface of the
metal oxides. However, increased Pt agglomeration was seen from the TEM images of the PtSnO2/C
(Figure 2c).
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Figure 2. Transmission electron microscopy images and anodic scan of cyclic voltamperograms of
(a) Pt/C; (b) PtNiO/C; (c) PtSnO2/C; (d) PtTiO2/C; (e) PtRh/C; and (f) PtIr/C catalysts in 0.5 M H2SO4 in
the presence of adsorbed CO at E = 0.3 V (RHE), potential scan rate 20 mV·s–1.

The ECSA is one of the essential characteristics of electrocatalysts. The surface area of porous
materials is typically estimated by a method based on physical nitrogen adsorption [15]. It is worth
noting that the method is not suitable for the determination of the ECSA of platinum electrocatalysts,
because in addition to the surface area of Pt nanoparticles undergoing the electrochemical process, it
also considers the area of a carbon support that serves as an electron conductor in the catalyst. The ECSA
of Pt-containing catalysts can usually be evaluated by means of electrochemical approaches [16] that
take into account the real conditions of electrochemical processes. CV was used to obtain the ECSA of
the catalysts. Figure 2 shows the anodic scan of the CV curve of the obtained catalysts in the 0.5 M
H2SO4 electrolyte with a CO adsorbed ad-layer. The calculated values for the ECSA of the studied
catalysts were about 14 ± 5 m2/gPt (Table 1).
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The important parameters for the DEFC anode catalysts are the overpotential for COad and
ethanol oxidation. The Pt/C electrocatalyst showed the onset potential for the CO oxidation of 0.585 V.
For all the other studied catalytic systems, except for PtRh/C and PtNiO/C, the presence of the second
component resulted in reducing the overpotential for CO oxidation. For PtTiO2/C and PtSnO2/C,
the CO oxidation peaks shifted by 0.110 V and 0.143 V to the cathode region, respectively (Table 1,
Figure 2).

The as-prepared catalysts were also tested for the EOR (Figure 3a,b). The CV curves of the platinum
nanoparticles supported on carbon (Pt/C) and hybrid metal oxide–carbon (PtNiO/C, PtSnO2/C, and
PtTiO2/C) as well as bimetallic catalysts (PtRh/C and PtIr/C) were recorded in 0.5 M C2H5OH +
0.5 M H2SO4 solution. The presence of the metal oxide in the support or second metal in the bimetallic
catalytic system caused a cathodic shift of the onset potential of the EOR (Table 1). The maximum effect
was observed for the PtSnO2/C system where the onset potential of the EOR shifted toward negative
potential values by 0.158 V. The positive effect of metal oxide in support of the catalyst for COad and
ethanol oxidation reaction can be explained by the theory of bifunctional catalysis [17]. In addition,
electronic ligand effects are also possible [18]. Numerous studies have shown that the introduction of
Sn in the composition of the catalyst for the oxidation of organic compounds has a positive effect on the
process. A positive effect was observed due to earlier and easier adsorption of OHads on the surface
of SnO2 [19,20]. Rhodium displayed a higher current in the potential region of 0.4–0.6 V compared
to the other catalysts, which can be due to the adsorption of O-containing species on the Rh surface
(Figure 2f) and a little part is related to the oxidation of alcohol. The cathodic shift of the onset potential
for EOR on the PtIr/C catalyst may be associated with the modification of the electronic structure of the
PtIr alloy compared to Pt [21]. As a result, the adsorption energy of O-containing particles required for
the complete oxidation of ethanol chemisorption products decreased.

Figure 3. (a) The forward scans of cyclic voltamperograms of catalysts in 0.5 M C2H5OH + 0.5 M H2SO4

solution; potential scan rate was 5 mV·s–1, (b) enlarged forward scans of cyclic voltamperograms, (c) the
dependence electrochemically active surface area of catalysts, which was normalized to the maximum
electrochemically active surface area of catalysts from the cycle numbers.
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The stability of the synthesized catalysts was investigated by cycling in 0.5 M H2SO4 over a
potential range of 0.05–1.3 V vs. RHE. Figure 3c shows the dependence ECSA of the catalysts, which
was normalized to the maximum ECSA of catalysts from the cycle numbers. For the first 100 cycles,
the value of the ECSA increased due to the purification of the platinum surface. However, after the
300th cycle, a decrease in the ECSA of all samples was observed. After a long-term cyclic stability test,
the largest decrease in ECSA was observed in the Pt/C, PtNiO/C, PtRh/C, and PtIr/C samples. The fact
is that the stability of the electrocatalyst in the FC is largely dependent on the stability of the catalyst
support. As electrocatalysts work under very hard conditions, in the presence of the active component
of the catalyst, carbon support oxidation occurs, which causes a loss of active component contact with
the carbon support and thus the active component is out of the reaction zone [22]. It is assumed that
the introduction of a metal oxide in the support will have a positive impact on the electrocatalyst’s
durability. The catalyst based on the hybrid support containing SnO2 or TiO2 was significantly more
stable. The value of the ECSA after 1500 cycles decreased to 58% and 40% for PtSnO2/C and PtTiO2/C,
respectively. The behavior of the PtNiO/C electrocatalyst was the same as the Pt/C catalyst, but the rate
of catalyst degradation was somewhat higher than that of Pt/C, which is probably due to the solubility
of nickel oxide in the acidic medium.

4. Conclusions

In conclusion, the Pt/C, PtMOn/C (M =Ni, Sn, Ti) and PtX/C (X = Rh, Ir) catalyst systems were
successfully prepared by using the pulse alternating current (PAC) technique. The XRD patterns of the
samples showed the presence of diffraction peaks characteristic for Pt, NiO, SnO2, TiO2, Rh, and Ir.
The TEM images indicate that the Pt, Rh, and PtIr (alloys) particles had a uniform distribution over the
carbon surface in the Pt/C, PtRh/C, PtIr/C, and PtMOn/C (M = Ni, Sn, Ti) catalysts. When SnO2/C and
TiO2/C were present in the supports of the catalyst, the onset potentials for carbon monoxide oxidation
shifted in the cathodic direction by 0.143 V and 0.110 V, respectively, compared to the Pt/C catalyst.

All the obtained PtMOn/C and PtX/C catalyst systems revealed a better EOR performance
compared to the conventional platinum catalyst. The addition of a second element to Pt or use of a
hybrid support can evidently improve the EOR efficiency. A remarkable positive affecting shift of
the onset potential for the EOR was observed as follows: PtSnO2/C > PtTiO2/C ≈ PtIr/C ≈ PtNiO/C >
PtRh/C ≈ Pt/C. The addition of SnO2 to the Pt/C catalyst led to a decrease in the onset potential and
significantly facilitated the EOR. In addition, the catalyst based on the hybrid support containing SnO2

was significantly more stable than the Pt/C catalyst.
Thereby, the PtSnO2/C catalyst prepared by the PAC technique could be considered as a promising

anode catalyst for DEFCs. In this way, this study contributed to the development of fuel cell technology
with the direct oxidation of liquid fuels.
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Abstract: Currently, the rapid development of industry leads to an increase in negative anthropogenic
impacts on the environment, including water ecosystems. This circumstance entails toughening
environmental standards and, in particular, requirements for the content of pollutants in wastewater.
As a result, developing technical and cost-effective ways for wastewater purification becomes relevant.
This study is devoted to the development of a novel composite sorbent, based on polyvinyl butyral
and potassium polytitanate, designed to purify water from heavy metal ions. The co-deposition
of a mixture based on a polymer solution and a filler suspension was used to obtain a composite
material. In this work, the influence of the deposition conditions on the structure and properties of
the resulting composites was studied, as well as the optimal ratio of components, including solvent,
precipitant, polymer binder, and filler, were established. In the course of this study on the sorption
properties of the developed composite materials using various sorption models, the sorption capacity
of the obtained material, the sorption mechanism, and the limiting stage of the sorption process were
determined. The developed sorbent can be suitably used in the wastewater treatment systems of
galvanic industries, enterprises producing chemical current sources, and in other areas.

Keywords: polymer composite; sorbent; wastewater; polyvinyl butyral; potassium polytitanate;
heavy metals

1. Introduction

The increase in environmental pollution is one of the main problems of modern society. The number
of various pollutants, including heavy metal ions [1], toxicants and dyes [2,3], bacteria, and viruses,
entering the wastewater system is rapidly increasing due to the rapid development of industry and
population growth. In this regard, the problem of water purification becomes more relevant, which is
reflected in the number of studies devoted to this topic.
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Heavy metal ions are not destroyed under environmental factors, and, on the contrary, they tend
to accumulate in various living organisms. Getting involved in complex food webs, heavy metals
adversely affect plants and animals and end up in the human diet. Owing to this, the pollution of
wastewater by heavy metal ions is a problem of increasing importance for environmental, evolutionary,
food, and environmental reasons [4].

There is a wide variety of ways employed in treating wastewater for heavy metal ions, including
chemical precipitation [5], ion exchange [6], reverse osmosis [7], electrolysis [8], membrane filtration [9],
and adsorption [10–13]. The listed methods have both advantages and disadvantages. Among the
technologies implemented in practice, ion-exchange sorption is one of the most effective and
cost-effective methods of removing heavy metals from aqueous media [14–16]. This water treatment
method provides a high degree of purification (close to 100%) for highly polluted water. The possibility
of sorbent regeneration can be realized with a relatively simple hardware design. The most common
sorption materials for heavy metals are synthetic zeolite, natural kaolinite, chitin, chitosan [17–21],
carbon materials [22–24], and agricultural waste, such as rice bran and orange peels [25]. According to
recent studies, synthetic nanostructured carbon sorbents [18,26] have a very high sorption capacity (up
to 97 mg of Pb2+ per gram of sorbent) [27], which makes them one of the most interesting objects of
research in this field. Nevertheless, there are several disadvantages of carbon sorbents that limit their
widespread and routine use. The disadvantages include high cost, as well as limited volumes and
the complexity of waste product disposal [28]. Natural sorbents based on layered aluminosilicates
(kaolinite, montmorillonite, zeolite, and their analogues) are quite cheap and widespread. However,
their sorption properties depend significantly on many external factors, such as deposits and impurities,
pH level, temperature, the presence of either or both electrolytes and surfactants, etc. [13,29]. Hence,
the need for the complex chemical and thermal modification of the feedstock before practical use.

Among synthetic sorption materials with a layered structure, potassium titanates show a high
sorption capacity, and good sintering into glass–ceramic composites, whereby they can be effectively
processed into safe and valuable ceramic products [30]. The sorption characteristics of some crystalline
modifications of potassium titanate were studied in the works [31,32]. For instance, the sorption
capacity of crystalline potassium hexatitanate (K2Ti6O13) for Cd2+ ions can be up to 0.80 mmol/g [31],
and the sorption capacity of crystalline potassium tetratitanate (K2Ti4O9) for Cu2+ ions can be up
to 1.94 mmol/g [32]. Amorphous potassium titanates demonstrated effectiveness in the sorption of
organic dyes [33] and Ni2+ ions [34]. In our previous work, the sorption of Pb2+ and Sr2+ ions by the
amorphous potassium titanate was studied. It was shown that the sorption capacity for Pb2+ ions was
714 mg/g and for Sr2+ ions it was 345 mg/g [35].

To avoid the problem of separating the filtrate from the purified solution for powder
catalysts, a number of techniques can be used, for example, granulation, coating on substrates,
creating membranes, and the formation of polymer composites. In order to develop composite sorbents,
carbon nanotubes, lignin, graphene oxide, chitosan, concrete, and others, are used. When creating
composites with sorption properties, a number of difficulties arise, including the dispersion of filler in
a polymer matrix and the filler pre-treatment, which ensures the availability of particles of the filler
(sorbent) for ions from the solution.

Previously, polyvinyl butyral (PVB) was studied as a polymer matrix for obtaining composites
with sorption properties [30]. Nevertheless, the sorption composite was used in the form of a thin-film
coating, which is convenient for photocatalytic systems studied by the authors but is ineffective for the
absorption of soluble ions from the water stream.

In this regard, the aims of this study were to create a composite based on potassium polytitanate and
polyvinyl butyral with open porosity for the effective sorption of heavy metal ions from a solution and
to analyze its sorption capacity and mechanism. These aims were achieved by creating a porous highly
filled composite by a coagulation precipitation technique previously used for polypropylene-based
composites [36]. Isopropyl alcohol was used as a solvent for PVB, and distilled water was used as
a precipitant. The dependence of the structure of the composites and properties on the deposition
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conditions were studied. The sorption mechanism was determined for the composites with an optimal
structure (large open porosity, high degree of filling).

2. Materials and Methods

2.1. Materials

Potassium polytitanates (PPT) were synthesized in a hydroxide-salt melt, according to the
procedure described in [37]. As the raw components, titanium dioxide TiO2 (99% anatase, Aldrich,
Darmstadt, Germany, CAS 13463-67-7), potassium hydroxide KOH (98% purity, Vekton, St. Petersburg,
Russia), and potassium nitrate KNO3 (98% purity, Reahim, Moscow, Russia), in a mass ratio of 30:30:40,
were used. The components were blended with distilled water in a ratio of water/titanium dioxide = 2:1,
then exposed to thermal treatment in a muffle furnace for 3 h at a temperature of 500 ◦C.

Polyvinyl butyral (hereinafter PVB), of the film-cast type (PP grade, GOST 9439-85) and supplied
by “VitaKhim” LLC (Moscow, Russia), was used as a polymer binder for the composites. To prepare the
PVB solution, the dehydrated isopropyl alcohol (hereafter IPA) (GOST 9805-84), supplied by “Zavod
sinteticheskogo spirta” CJSC (Orsk, Russia), was used.

Standardized test solutions for the study of sorption capacity were made of lead nitrate (high
grade, GOST 4236-77, Russia) and manufactured by NPF “Nevsky Khimik” (St. Petersburg, Russia).

2.2. Preparing a Highly Filled Porous Composite Based on Potassium Polytitanates

PVB was dissolved in isopropyl alcohol at an elevated temperature of 90 ◦C by a mechanical
stirrer operating at a speed of 150 rpm. Simultaneously, a suspension of PPT in isopropyl alcohol was
prepared by stirring with a mechanical stirrer (200 rpm) in a ratio of 1, 3, or 5 g of PPT to 50 mL of
alcohol (in order to ensure the different filling degree of composites). After dissolving PVB, the solution
was combined with the suspension of PPT (to obtain the concentrations shown in Table 1) and mixed
for 15 min by a mechanical stirrer (150 rpm). Then the resulting mass was poured (thin stream) into an
excess of precipitant (water) where rapid coagulation occurred. The volume ratio of the PVB solution
(mixed with PPT powder) to the precipitant (water) was 1:2, 1:4, or 1:6. After formation, the composite
was removed from the water–alcohol solution by decantation and dried at 20 ◦C for 24 h.

Table 1. The compositions of porous composite materials based on potassium polytitanate.

N◦ Sample Notation
PVB * Content in
Composite, wt.%

PPT ** Content in
Composite, wt.%

Ratio of Isopropyl
Alcohol/Water

1 1/6-70-30 70 30 1/6
2 1/4-70-30 70 30 1/4
3 1/2-70-30 70 30 1/2
4 1/4-50-50 50 50 1/4
5 1/4-90-10 90 10 1/4

* Polyvinyl butyral. ** Potassium polytitanates.

By a process of rapid coagulation of PVD, when alcohol is mixed with water, a sponge-like
composite was formed. The type of porosity of the resulting composite depended on the volume ratio
of the suspension to the precipitant, as well as the content of PPT in the initial suspension. A wide
range of PPT concentrations and several different ratios of isopropyl alcohol/water were studied to
provide the maximum concentration of PPT (because only PPT sorbs heavy metal ions, but PVB is just
a passive matrix holding titanate) and to keep some strength of the sponge-like composite (so that the
PPT-based sorbent was not crumbled during operation, cutting, or pouring into different containers).

The surface morphology of the composites was studied by a US-made Aspex Explorer scanning
electron microscope (SEM) with an energy dispersion attachment.

41



Processes 2020, 8, 690

2.3. Sorption Capacity Assessment and Kinetic Analysis

To determine the dynamic sorption characteristics of the composites, the installation shown in
Figure 1 was used.

 
 

Figure 1. Installation for the study of the process of the dynamic sorption of lead ions.

The solution of lead nitrate (75 g/L), with a constant speed (6.5 mL/min), was fed into the funnel,
in which there was the porous polymer composite. The filtrate was collected in 10 mL portions.
Furthermore, the obtained materials were studied using X-ray fluorescence analysis, which was carried
out using a Spectroscan-MAX-G spectrometer (LLC “NPO” SPECTRON, Russia, St. Petersburg)
with a scanning crystal-diffraction channel. Gauge curves were previously found to determine
the concentration.

The values obtained by changes in the concentration of lead ions over time were evaluated using
the following models: Boyd model, Lagergren pseudo-first order kinetic model, Ho and McKay’s
pseudo-second order kinetic model, and Weber–Morris intraparticle diffusion model.

The Boyd model allows the evaluation of the role of diffusion in the sorption process. For this
model, development Equation (1) was used [38]:

F =
Qt

Qe
= 1−

( 6
π2

)
exp(−Bt), (1)

where F = degree of process completion, Qt = quantities of ions at current time (mg/g), Qe = quantities
of ions in a state of sorption quasi-equilibrium (mg/g), which are adsorbed at time t and have a state of
sorption quasi-equilibrium, respectively.

The Lagergren Equation (2) describes the pseudo-first order kinetic model for sorption
processes [39]:

Lg(Qe −Qt) = lgQe − k1

2303
t, (2)

where k1 = rate constant (min−1).
To consider the kinetics of the sorption process by a pseudo-second order model, a Ho and McKay

Equation (3) was used [40]:
t

Qt
=

1
k2Q2

e
+

t
Qe

, (3)

where k2 = rate constant (g·mg−1·min−1).
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A Weber–Morris intraparticle diffusion model was expressed by the following Equation (4) [41]:

qt = Kdi f t0.5 + Ci, (4)

where Kdif = intraparticle diffusion rate constant (mg·g−1·min−0.5), and Ci = parameter characterizing
the thickness of the boundary layer (mg/g).

3. Results and Discussion

To determine the effects of the volume ratio of the suspension/precipitant and PPT content in the
initial suspension on the composite structure, a range of samples were used (Table 1). The choice was
based on the desire to create a composite with a maximum concentration of PPT, but at the same time,
so that it did not crumble during operation, cutting, or pouring into different containers.

The appearance of the cross-section of the studied composite is shown in Figure 2. The cross-section
was obtained manually by slicing blades. There was a significant decrease in the porosity of the
composite materials (Figure 2a–c), that could be caused by a decrease in the amount of precipitant.
When the isopropyl alcohol/water ratio was 1:2 (Figure 2c), most of the internal pores were insulated
(almost no open porosity remained) and, in turn, the outer surface of the composite became smooth.
The composite sample 1/4-50-50 (Figure 2d) had a low porosity compared to the sample 1/2-70-30.
In this case, this is due to the high filler content (mass ratio filler/matrix = 1:1). In the last studied
composite (Figure 2e), the amount of potassium polytitanate introduced into the PVB was the smallest,
which led to the immersion and isolation of PPT particles in the composite matrix, and as a result of
which their activity, the surface was not available for physicochemical processes.

 
(a) (b) (c) (d) (e) 

Figure 2. The slices of the obtained porous composite materials: (a) 1/6-70-30; (b) 1/4-70-30; (c) 1/2-70-30;
(d) 1/4-50-50; (e) 1/4-90-10.

Figure 3 presents microphotographs of the composite samples obtained by scanning electron
microscopy (SEM). The filling degree and the conditions for obtaining them significantly affected the
porosity of the materials. The composite containing 10 wt.% of PPT (sample 1/4-90-10) had a dense
structure with a predominantly closed porosity. When 50 wt.% of the filler was introduced into the
polymer matrix, the composite was characterized by a loose structure that could be easily destroyed by
the slightest mechanical stress.

With a change in the volume ratio of the PPT suspension to the precipitant, the pattern of
micropores changed with a change in macropores (Figure 3). For the first two samples (1/6-70-30 and
1/4-70-30), the pore size was 20–30 μm and 5–10 μm, respectively. The third sample (1/2-70-30) was
characterized by a significant decrease in the number of micropores and the formation of closed pores
(size did not exceed 5 μm). For sample 1/6-70-30, the presence of PPT particles localized in pores and a
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lack of moistening with a binder was observed (Figure 3a). Moreover, an increase in the PTT content
in the initial suspension (sample 1/4-50-50) led to the predominant localization of PPT in the form of
individual particles that did not interact with the binder. The observed distribution of PPT particles
could provide the most effective sorption, but, obviously, could lead to the chipping of the sorption
filler from the composite.

     

     
(a) (b) (c) (d) (e) 

Figure 3. The microphotographs of the composites obtained by SEM: (a) sample 1/6-70-30 based
on 70 wt.% of PVB and 30 wt.% of PPT, IPA/water = 1:5; (b) sample 1/4-70-30 based on 70 wt.%
of PVB and 30 wt.% of PPT, IPA/water = 1:4; (c) sample 1/2-70-30 based on 70 wt.% of PVB and
30 wt.% PPT, IPA/water = 1:2; (d) sample 1/4-50-50 based on 50 wt.% of PVB and 50 wt.% of PPT,
IPA/water = 1:4; (e) sample 1/4-90-10 based on 90 wt.% of PVB and 10 wt.% of PPT, IPA/water = 1/4.
Abbreviations: SEM—scanning electron microscopey; PVB—polyvinyl butyral; PPT—potassium
polytitanates; IPA—isopropyl alcohol.

The reduction in the amount PPT in the initial suspension (sample 1/4-90-10) led to a noticeable
aggregation (most likely due to the increased viscosity of the suspension). While the filler particles
were completely wetted by the matrix, which could increase the mechanical properties of the materials,
this could limit access to filtered solutions and adversely affect sorption characteristics.

The sample 1/4-90-10 obviously cannot be an effective sorption material, primarily because of
the low content of the active component in the composite. In addition, PPT particles were almost
completely immersed in the polymer matrix, which blocked them from interacting with heavy metal
ions. The composite 1/4-50-50, on the contrary, contained the largest amount of filler. However,
its further use was limited by a low degree of fixation of PPT particles by the polymer binder,
which created the probability of the dispersed powder getting into the purified solution, and, in turn,
the necessity of the additional cleaning of the solution. The samples with a ratio of PPT/PVB = 30:70
were considered optimal, since the concentration of an active component was sufficient for effective
sorption interaction with an optimal ratio with a binder, which ensured the effective fixation of particles
of potassium polytitanate, while maintaining the maximum available surface area. However, the high
viscosity of the solvent in the case of a dilution of 1/4 and 1/2 had a significant effect on the micropore
size, reducing them by more than three to four times, which was one of the determining factors for
evaluating the sorption ability.

According to the study of the composite structure, it was assumed that the sample 1/6-70-30,
containing 70 wt.% of PVB and 30 wt.% of PPT (IPA/water= 1:6), had the best sorption ability. Therefore,
the sorption of lead ions by this material was studied under dynamic conditions.
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It is necessary to give an isotherm describing the dependence of the concentration on time and
show the sorption capacity. The effect of the contact time in the range of 1.5–32.0 min on the lead ion
sorption by composite materials is shown in Figure 4.

Figure 4. Effect of contact time on the lead ion sorption by the porous polymer composite of 1/6-70-30.

According to the kinetics curve, the sorption of lead ions by the studied polymer composite
was a quick process. After 5 min of interaction with the polymer composite, most of the lead ions
were removed from the solution. A highly concentrated solution (0.23 mol/L) and a high filtration
rate (6.5 mL/min) were used to study the sorption kinetics. Under these conditions, the residual
concentration was 0.09 mol/L. The sorption capacity of the composite began to increase slowly when
the time increased from 10 to 30 min. The porous structure of the composite and available active sites
of potassium polytitanate provided the high sorption rate at the beginning of the process. When the
surface of the sorbent was covered and blocked, the sorption capacity value stopped changing. A little
more than 30 min was needed to attain the equilibrium with a sorption capacity of 141.5 mg/g.

The role of diffusion during sorption was evaluated using the Boyd model. Figure 5a shows the
time-varying behavior of the parameter –ln(1-F), which estimates the contribution of external diffusion
to the overall process rate during the sorption of lead ions.

 
(a) (b) 

Figure 5. The dependence of –ln(1-F) on time (t) (a) and sorption degree (F) on Bt parameter (b) for the
sorption of lead ions by the porous polymer composite of 1/6-70-30.

According to the calculated coefficient of determination (R2 ~ 0.9), during the sorption of lead
ions by the porous composite, the external processes occurred, but they were not limiting. It should be
noted that the plot of the dependence of the –ln(1-F) parameter on time did not pass through the origin
of coordinates, which indicates the mechanism of the mixed diffusion of sorption.

In Figure 5b, the contribution of an internal diffusion to the sorption rate was estimated by the
dependence of F–Bt. The high coefficient of determination (R2) of the existing dependence between
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the experimental and calculated data of the logarithmic trend line indicates the high role of internal
diffusion during the sorption of lead ions by the porous polymer composite.

The Weber–Morris model takes into account the diffusion at the phase boundary and inside
the sorbent particles. Figure 6 shows the kinetics of sorption defined according to this model,
using Equation (4).

Figure 6. The kinetics of sorption by the porous polymer composite of 1/6-70-30 in the coordinates of
the Weber–Morris model.

The existing dependence of Qt on t0.5 fits well on the straight line, which is described by the
equation y = 4.31x + 108.85. It indicates that the rate of the sorption process was determined by
the diffusion inside the sorbent particles. Thus, composite 1/6-70-30 had enough macroporosity and
microporosity to provide an effective sorption, limited by the processes inside the aggregates of PPT
particles, not by the rate of access to them. However, the linear plots did not pass through the origin.
Such behavior of line could be due to the difference in the rate of mass transfer in the various sorption
stages and some degree of boundary layer limits. Based on the obtained equation of linear dependence,
diffusion parameters were calculated. The parameter of the boundary layer thickness (Ci) was equal
to 108.85 mg/g, which confirmed the rapid sorption in a short period. The value of the intraparticle
diffusion rate constant (Kdif = 4.31 mg·g−1·min−0.5) indicates a rapid diffusion process.

The chemical kinetics models of pseudo-first and pseudo-second orders describe the contribution
of chemical reactions to the sorption rate. The correspondence of the sorption processes to the
pseudo-first order kinetic model was estimated using the Lagergren Equation (2). Figure 7 shows
the kinetics of sorption, according to the pseudo-first (Figure 7a) and the pseudo-second (Figure 7b)
order models.

Since the coefficient of determination was lower than 0.95, the contribution of diffusion at a
stage not preceding sorption was not significant. The pseudo-second order model was constructed
using the Ho and McKay Equation (3). The high value of the determination coefficient indicates
the correspondence of this process to the pseudo-second order model and can be described by the
equation y = 0.0074x + 0.0057, by which the kinetic parameters were determined. The implication
is that the stage of chemical interaction of lead ions and PPT is a limiting one during the sorption
(k2 = 0.006 g·mg−1·min−1, Qe = 137.0 mg/g). According to this model, the interaction of the sorbent
and sorbate obeys the law of the mass action. Therefore, the rate of a chemical reaction is directly
proportional to the concentration of two substances reacting in a ratio of 1:1.

Table 2 shows the comparison of the sorption capacity of the developed polymer composite
based on polyvinyl butyral and potassium polytitanate (sample 1/6-70-30) with the same parameter
as other polymer composites with respect to lead ions. According to the data, the sorption
capacity of the developed sorbent based on polyvinyl butyral and potassium polytitanate is
third only to those of composites based on poly (3,4-ethylenedioxythiophene)/lignin and poly
(N-vinylcarbazole)/graphene oxide.
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(a) (b) 

Figure 7. The kinetics of sorption by the porous polymer composite of 1/6-70-30 in the coordinates of
the pseudo-first (a) and (b) the pseudo-second order models.

In the case of the composite obtained by Checkol F. et al. [42], at a high efficiency, even after 60 cycles
(47% of the sorption capacity was retained), obtaining a composite film was rather labor-intensive
by galvanostatic deposition. The degradation of the composite developed by Karnib M. et al. [43]
was not studied, while the necessity of activating the filler surface by heat treatment and drying in
a vacuum was indicated, which requires additional equipment. Vacuum drying was also required
when manufacturing the composites in the other research [44,45]. The rest of the composites are
characterized by a low sorption capacity to lead ions in comparison with the material developed in
this work. Moreover, these composites are characterized by complex manufacturing technologies
with preliminary functionalization of the filler surface [44–47], in situ polymerization [44], or using
irradiation and a nitrogen atmosphere [48]. For a number of composites [44,46,47,49], the efficiency of
removing lead ions after three to four cycles of the process did not decrease significantly, and for the
others this parameter was not studied. In addition, the high cost of the composite materials due to the
cost of polymers or fillers should be noted; in some cases, both components cost several thousand or
tens of thousands of roubles.

Table 2. The sorption capacity of different polymer matrix composites with respect to lead ions.

Polymer Composite Sorption Capacity (mg/g) Reference

Polyvinyl butyral/potassium polytitanate (1/6-70-30 sample) 137.0 -
Potassium polytitanate 714.3 [35]

Poly (3,4-ethylenedioxythiophene)/lignin 452.8 [42]
Polypyrrole/multi-wall carbon nanotube 26.3 [44]

Poly (ethylene imine)/silica gels 82.6 [49]
Ion-imprinted polymer Pb(II)/SBA-15 42.6 [46]

Poly-methacrylic acid grafted chitosan-bentonite
nanocomposite 111.0 [48]

Cellulose/TiO2 120.5 [47]
Carboxymethyl-β-cyclodextrin/Fe3O4 64.5 [45]

Poly (N-vinylcarbazole)/graphene oxide 982.9 [43]

The most interesting activity is the comparison of the results obtained for the composite polyvinyl
butyral/potassium polytitanate with the results for pure potassium polytitanate, which was studied
in our previous work [33]. The sample 1/6-70-30 had the PVB/PPT ratio of 70/30. For this sample,
if the PPT sorption capacity is fully realized (assuming that the PVB sorption capacity is negligible),
the sorption capacity of the composite will be 30% of the PPT capacity (214 mg/g). However, according
to the experimental data, the sample 1/6-70-30 was characterized by the sorption capacity being equal
to 137.0 mg/g. Obviously, the polymer matrix hindered access to the PPT sorbent (filler), thus reducing
the sorption capacity. Nevertheless, the sorption capacity of the developed polymer composite was
about 70% of the sorption capacity of the pure PPT.
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4. Conclusions

The polyvinyl butyral/potassium polytitanate composite sorbent for lead ions was investigated.
The influence of the composite production conditions on the sorption properties of the developed
composite materials was studied.

The sorption mechanism was determined using various kinetic models. The sorption process of
lead ions by the polyvinyl butyral/potassium polytitanate composite was confirmed by a pseudo-second
order kinetic model with a better correlation compared with the pseudo-first. It meant that both the
concentrations of sorbate and sorbent were the factors determining the process rate. Additionally,
this kinetic model showed that the potential rate-controlling stage of the sorption was a chemisorption
with cation exchange and the participation of potassium cations in either or both the PPT interlayer
space reaction and the complexation reaction on the sorbent surface. The calculated value of
Qe (calculated) = 137.0 mg/g deviated slightly from the experimental one, Qe (experimental) = 141.5 mg/g.
The conformity of the experimental data to diffusion models was evidence that the external mass
transfer was of little importance. Hence, the intraparticle diffusion was significant in the sorption
rate determination for the system of PVB/PPT–Pb(II), especially at the later stages of this process.
A Boyd kinetic plot confirmed that the internal mass transfer was the slowest step involved in the
sorption process.

Due to the influence of the polymer matrix, which impedes the access of lead ions from the solution
to the sorbent (filler), the sorption capacity of polytitanate was just partially realized. When chemical
particles interact freely and the optimal parameters needed for the preparation of the composites are in
place, the sorption capacity of polytitanate can be up to 70% of the value of pure filler. Based on the
results obtained, the polyvinyl butyral/potassium polytitanate composite sorbent can be used for the
treatment systems of wastewater containing lead ions. For example, for treatment of wastewater from
ore-dressing factories and mines, metallurgical plants, and many chemical industries, such as the for
the production of batteries, glass, paints, insecticides, and gasoline, etc.
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Abstract: Boron-doped diamond is a promising semiconductor material that can be used as a sensor
and in power electronics. Currently, researchers have obtained thin boron-doped diamond layers due
to low film growth rates (2–10 μm/h), with polycrystalline diamond growth on the front and edge
planes of thicker crystals, inhomogeneous properties in the growing crystal’s volume, and the presence
of different structural defects. One way to reduce structural imperfection is the specification of
optimal synthesis conditions, as well as surface etching, to remove diamond polycrystals. Etching can
be carried out using various gas compositions, but this operation is conducted with the interruption
of the diamond deposition process; therefore, inhomogeneity in the diamond structure appears.
The solution to this problem is etching in the process of diamond deposition. To realize this
in the present work, we used triethyl borate as a boron-containing substance in the process of
boron-doped diamond chemical vapor deposition. Due to the oxygen atoms in the triethyl borate
molecule, it became possible to carry out an experiment on simultaneous boron-doped diamond
deposition and growing surface etching without the requirement of process interruption for other
operations. As a result of the experiments, we obtain highly boron-doped monocrystalline diamond
layers with a thickness of about 8 μm and a boron content of 2.9%. Defects in the form of diamond
polycrystals were not detected on the surface and around the periphery of the plate.

Keywords: CVD process; doping; single-crystal diamond; boron; triethyl borate; thin films;
boron-doped diamond

1. Introduction

Today, there is a significant number of publications devoted to the study of electrophysical
properties of boron-doped single-crystal synthetic diamond [1–7]. Other works are devoted to reviews
of the mechanism and optimal conditions for thin diamond layer deposition; some of these works are
connected with boron-doped diamonds [8–11]. In [12,13], it was shown that the thicker the diamond
layer is grown, the higher the probability of defects occurring at its growing surface. The number of
defects is notably affected by the single-crystal CVD-diamond (chemical vapor deposition-diamond)
deposition rate: the probability of defect formation and their number per unit area grows with
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the increase of deposition rate. Therefore, boron-doped single-crystal diamond thin films are grown at
a low deposition rate. The necessity of intermediate treatment of the obtained samples and loading of
new substrates into the reactor chamber leads to the expenditure of large amounts of time and resources.
Such production costs lead to higher costs and lower output of the product.

To reduce the cost of production (for example, sensors or crystals for power electronics) and to
increase production, growing thick homogeneous boron-doped single-crystal CVD-diamond layers
was proposed as rough material for the jewelry industry or for cutting thin doped diamond plates for
subsequent treatment.

Reducing the number of defects on the surface (Figure 1) and increasing the boron-doped
single-crystal CVD-diamond deposition rate can be achieved by etching the surface of the growing
diamond during the deposition process.

 

Figure 1. The surface of large thickness diamond with defects on the surface and facets (substrate
size—5 × 5 × 0.5 mm, deposited diamond layer thickness—0.5 mm).

Apparently, it is necessary to keep the composition of the gas phase constant in order to receive
stable properties over the whole volume of the diamond. In addition, controlling the nitrogen content
in the diamond is unavoidable, which can be achieved by using high-purity substances. Oxygen could
be added into the gas mixture to etch the surface of a growing diamond. In this case, the problem of
synthesis of thick boron-doped single-crystal diamond films is narrowed down to solving the following
subtasks:

1. To find an appropriate boron-containing substance.
2. To optimize the process of synthesis of boron-doped diamond of small thickness.
3. To optimize the process of synthesis of thick layers of boron-doped diamond due to its

constant etching.

After the realization of the third point, it becomes possible not only to reduce the cost of
semiconductor products significantly but also to obtain fancy-colored diamonds for the jewelry industry.

Today, researchers use various boron-containing compounds for doping diamond during its
deposition from the gas phase; the most typical additives are demonstrated in Table 1.

Table 1. Frequently used doping diamond boron-containing substances.

Substance Coating Thickness, μm References

B(CH3)3 1.5–25 [14–17]
B2H6 5–350 [18–21]
BCl3 0.5–1.0 [22]

(CH3O)3B 2–>100 [23,24]
(C2H5O)3B – [25,26]

hBN 770–1020 [27]
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As can be seen from Table 1, in most experiments, diborane is used for doping diamond with
boron. This compound, under standard conditions, is a colorless gas with a nauseating sweet odor.
Diborane is qualified as an unstable flammable substance. Besides this, this gas is highly toxic and poses
a hazard to humans [28–32]. This substance is used as an acceptor dopant for epitaxial silicon in
the industrial production of semiconductor materials. It is also used for doping silicon plates by
the deposition/dispersion technique and polysilicon interconnection of some capacitors. Diborane is
widely used in the formation of borosilicate glasses [33,34] and often used as a source of hydrogen in
many chemical reactions [35].

Diborane belongs to the class of boranes. These compounds have high chemical reactivity, major
heat of combustion, and they are not thermodynamically stable compounds of boron and hydrogen.
Many of the boranes, due to the nuances listed above, belong to substances with the highest category
of flammability: they can self-ignite from high temperatures not only in air but also in contact with
water or a number of halogenated hydrocarbons [36]. Table 2 represents the characteristics of some
boranes: their stability and behavior in air and water [37].

Table 2. Some characteristics of the most important boranes [33].

Compound Thermal Stability Behavior on Air Reaction with H2O

B2H6
Stable

at 25 ◦C Self-ignites Hydrolyzes immediately

B4H10
Unstable
at 25 ◦C Self-ignites in the presence of water Hydrolyzes

B5H9 Stable at 25 ◦C Self-ignites Hydrolyzes by heating

B5H11
Unstable

at 150 ◦C and above Self-ignites Hydrolyzes rapidly

B6H10
Unstable
at 25 ◦C Stable Hydrolyzes by heating

B6H12
Unstable
at 25 ◦C Stable Hydrolyzes by heating

B9H15
Unstable
at 25 ◦C Stable Hydrolyzes by heating

B10H14 Stable at 150 ◦C Extremely stable Hydrolyzes slowly

As a result of the analysis of Table 2, it is possible to conclude that boranes, except older boranes
(starting with B6H10), are unstable compounds. At the same time, despite the absence of such a serious
drawback, such as autoignition in the presence of oxygen, these boranes are not widely used in both
scientific and industrial applications.

Diborane, which is prevalent in the semiconductor industry, is never used with oxygen. Trimethyl
borate is more volatile, flammable, and faster hydrolyzed than triethyl borate. Trimethyl borate boils
at 68 ◦C, triethyl borate at 119 ◦C [38].

Taking into account the properties of boranes, as well as the need to use oxygen to achieve
the objectives, we decided to use triethyl borate (C2H5O)3B.

2. Materials and Methods

2.1. Materials

In this research, we used an excess of boric acid (99.9% purity) in ethyl alcohol (95% aqueous
solution) as initial stock for triethyl borate. During the synthesis, a constant temperature of the mixture
was maintained at 25 ± 1 ◦C. To input triethyl borate to the Ardis 300, we used a hydrogen blow with
least 99.9995% purity. The methane purity was not less than 99.995%.

A single-crystal diamond with misorientation angles and directions that corresponded to
the requirements for growing single-crystal diamonds was used as a substrate for deposition.

53



Processes 2020, 8, 666

2.2. Scanning Electron Microscopy and X-ray Microanalysis

The study of the surface layers of the coatings was carried out on a HITACHI SU5000 scanning
electron microscope equipped with annexes for X-ray spectral microanalysis X-MaxN and electron
backscatter diffraction (EBSD) Nordlys Nano from OXFORD INSTRUMENTS. Phase identification
was accomplished using the NIST Structural Database (NSD).

2.3. The Hardness and Elastic Modulus of Coatings

The hardness and elastic modulus of boron-doped diamond films were determined using
the Oliver–Farr method [39,40] on a Micro Indentation Tester CSM-Instruments (Switzerland), using a
Vickers diamond pyramid. The maximum load was 50.00 mN.

According to the Oliver–Farr method, hardness is the ratio of the maximum indentation load
and the projection area of the indenter contact to the material without elastic deflection at the edge of
the print (i.e., without the elastic component).

The formula for hardness is the following [41] (Figure 2):

H =
F
S

=
F

k · h2
c

where F—max force, S—contact area,
hc—depth of contact of the indenter with the material, defined as

hc = hmax − ε · Pmax

S
= hmax − ε ·

(
hmax − hi

)

ε and k—constants depending on the indenter geometry,
hi—distance corresponding to the intersection of the tangent to the unloading curve at the beginning

part of the displacement axis,
hmax—maximum depth of indenter penetration in the material.

Figure 2. Scheme of loading–unloading curve.
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Contact stiffness (S) is determined by the slope of the initial part of the unloading curve (Pmax):

S =

(
dP
dh

)
P = Pmax

2.4. Preparing the Single-Crystal Diamond Surface and the Thin-Layer Doping Process

Figure 3 shows a schematic diagram of the single-crystal diamond substrate preparation for
doping with boron and the subsequent treatment of products.

 

Figure 3. Schematic diagram of the technology of preparing single-crystal diamond substrates for
doping and the doping process itself.

The preparation stages for materials and equipment, including the preparation of diamond
substrates by etching, laser cutting, and subsequent mechanical treatment, are the same with
the single-crystal diamond substrate preparation for high-purity single-crystal diamond deposition by
the CVD process.

The process of substrates etching can be carried out in various atmospheres. For example, diamond
is etched at a low rate in hydrogen plasma [42]; in oxygen-argon mixture, it is much higher and reaches
200 nm/min [43]; in an oxygen-hydrogen mixture (with up to 2% oxygen), the etching rate is more than
200 nm/min [44].

The doped single-crystal films were grown from the gas phase, which comprised methane,
hydrogen, and a boron-containing substance, on single-crystal diamond substrates. To achieve this,
as previously shown, trimethyl or triethyl borate can be used. These substances are obtained by
mixing boric acid and alcohol—either methyl or ethyl. In this work, we used ethanol to prepare
triethyl borate (C2H5O)3B. Electrolytically generated hydrogen after dehydration and purification was
divided into two streams. A smaller part (5–15 cm3/min) was passed through a bubbler system with
ethanol and boric acid that formed volatile triethyl borate. The second part of the hydrogen from
the generator was input into the reactor. In order to keep the composition of the gas mixture unchanged
during the whole process of deposition, we used a saturated solution of boric acid. Boric acid in
the bubbler system was always maintained in excess. The bubbler system was placed in a thermostat at
a temperature of 25 ◦C. Silica gel desiccant was used to dry the input mixture. The desiccant was a steel
cylinder with a diameter of 40 mm and a length of 300 mm and it was filled with silica gel. For ease
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of exploitation (drying silica gel after work), the cylinder was equipped with a quick-detachable
connection with a soldered metal mesh to exclude silica gel contact with the system.

Hydrocarbon radicals with high reactivity were formed in the gas phase as a result of the activation
of the mixture of hydrogen, methane, and triethyl borate. As a result of decomposing hydrocarbon
radicals on the substrate, free carbon and atomic hydrogen were released, which ensures the high
selectivity of the diamond growth process due to the release of nondiamond carbon that could
crystallize on the substrate [45].

The deposition process was carried out at 9.806 kPa pressure in the system. The substrate
temperature was 1100 ◦C. The methane flow to the reactor was 25 cm3/min; the flow of a mixture of
triethyl borate and hydrogen (with possible vapors of ethanol) was 10 cm3/min.

The required parameters of pressure and gas flow were maintained automatically. The duration
of the deposition process was 2 h at a growth rate of 4 μm/h.

3. Results and Discussions

3.1. Scanning Electron Microscopy and Elemental Analysis

Figure 4 shows the samples obtained as a result of the experiments.

Figure 4. Boron-doped diamond samples (Sample 1—left, Sample 2—right).

As seen in Figure 4, both samples have surfaces without such defects as on the example of the plate
in Figure 1. A large amount of triethyl borate was supplied to the system with the purpose of increasing
the oxygen concentration in the plasma. Obviously, such high concentrations of oxygen allowed
etching defects. Figure 5 demonstrates the surface images of Samples 1 and 2 with boron-doped layers.

 

(a) 

 

(b) 

Figure 5. SEM images of the sample surfaces. (a) Sample 1, (b) Sample 2.
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It can be seen that the surface of Sample 1 has growth “waves”. In addition, there are incoherent
formations on it. The surface of Sample 2 also contains incoherent formations, but the growth “waves”
are less noticeable.

The distribution of Sample 1 areas for determining the chemical composition using X-ray
microanalysis is presented in Figure 6. Table 3 presents the results of Sample 1 surface
X-ray microanalysis.

Figure 6. SEM image of Sample 1 with areas for identifying surface composition.

Table 3. Sample 1 elemental analysis.

The Number of Area C B O

1 97.1 2.9 –
2 97.2 2.8 –
3 92.2 3.2 4.6
4 94.1 3.4 2.5

Table 3 (data from Figure 7), containing elemental analysis based on the EDS (energy-dispersive
X-ray spectroscopy) results, demonstrates that the first position, as well as the second, corresponds to
heavily boron-doped diamond with a boron content of 2.9%.

The third position is a foreign substance containing carbon, oxygen, and boron that corresponds
to the composition of triethyl borate, which, apparently, could depose from the gas phase at the end of
the diamond-doping process.

The distribution of Sample 2 areas for determining the chemical composition using X-ray
microanalysis is presented in Figure 8. On the surface of Sample 2, as well as on Sample 1, there are a
significant number of foreign formations.

Table 4 (data from Figure 9) contains elemental analysis based on the EDS and presents the results
of Sample 2 surface X-ray microanalysis. The boron content in Sample 2 was 2.9%, as in Sample 1.
Considering that samples were obtained in independent experiments with the same synthesis
parameters, the result indicates high doping-process stability.
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Figure 7. EDS analysis of sample 1.
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Figure 8. Areas for identifying Sample 2 surface composition.

 

 

 

Figure 9. EDS analysis of Sample 2.
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Table 4. Sample 2 elemental analysis.

The Number of Area C B O

5 97.1 2.9 –
6 94.1 2.5 3.4
7 94.1 3.4 2.5

Positions 7 and 8 are a foreign substance corresponding to the composition of triethyl borate, which,
apparently, could depose from the gas phase at the end of the diamond-doping process. To eliminate
such defects in both cases, it will be sufficient to etch the obtained diamond surface in the stream of
atomic hydrogen without doping or carbon-containing substances.

Using the EBSD method, we obtained electron diffraction patterns, indexed them, determined
their phase composition, type of lattice, and orientation (Euler angles) in each of the six investigated
areas. We revealed that the coating orientations in different areas were the same, which allowed us to
conclude that the coating was single-crystal and was formed by epitaxial growth.

3.2. The Hardness and Elastic Modulus

We obtained values of hardness in the range from 62 to 117 GPa and elastic modulus in the range
from 914 to 1099 GPa. A typical loading–unloading curve is represented in Figure 10.

Figure 10. Loading–unloading curve.

From the presented load–unloading curve, we identified the following characteristics:

- hardness 62.8 GPa;
- elastic modulus 914.6 GPa;
- indenter penetration depth 155.816 nm.

We qualified the optimal mode for the synthesis of heavily boron-doped diamond:

- temperature 1100 ◦C;
- H2 flow rate 480 cm3/min;
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- CH4 flow rate 25 cm3/min;
- H2 – (C2H5O)3B flow rate 10 cm3/min;
- microwave power 3800 W;
- reactor pressure 9.806 kPa.

The obtained experimental data allow further experiments to reduce the boron concentration in
single-crystal diamond film and to introduce more oxygen to etch the surface during the deposition
process of thick homogeneous boron-doped diamond layers.

4. Conclusions

The paper presents a scheme of boron-doped diamond CVD synthesis by using triethyl borate as
a boron-containing substance. The replacement of the boron-containing substance from diborane to
triethyl borate allowed etching, creating polycrystalline diamond via an all-synthesis process without
the need for interruption due to oxygen atoms from triethyl borate. The high boron content obtained
according to the proposed scheme samples (2.9% mass) is explained by the need for high oxygen atoms
concentration in the gas mixture for successful etching of the emerging polycrystalline diamond. As a
result of synthesis, it is possible to obtain boron-doped diamond with a stable boron distribution in
the volume.

Using the Oliver–Farr method, we measured the hardness and elastic modulus of obtained
coatings, varying from 62 to 117 and 914 to 1099 GPa, respectively.

In the future, work will be developed in the direction of reducing the concentration of triethyl
borate in the gas mixture and optimizing parameters for sectoral growth in order to obtain doped
diamond layers. Compensation of oxygen atoms will be realized through direct oxygen supply to
the gas mixture, which is stable in contrast to diborane.
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Abstract: TiO2 nanoparticles were prepared via an electrochemical method using pulse alternating
current and applied in the photocatalytic oxidation of 5-hydroxymethylfurfural (HMF) to
2,5-diformylfuran (DFF). Its physicochemical properties were characterized by SEM, HRTEM, XRD,
and BET methods. The effect of scavenger and UVA light intensity was studied. The results revealed
that electrochemically synthesized TiO2 nanoparticles exhibit higher DFF selectivity in the presence
of methanol (up to 33%) compared with commercial samples.

Keywords: 5-hydroxymethylfurfural; 2,5-diformylfuran; TiO2; electrochemical synthesis; pulse
alternating current

1. Introduction

5-hydroxymethylfurfural (HMF) is one of the most versatile “biomass platform molecules” produced
from abundant and renewable lignocellulose-derived glucose. HMF can be further converted into a series of
high-value chemicals such as 2,5-diformylfuran (DFF), 5-hydroxymethyl-2-furancarboxylic acid (HMFCA),
and 2,5-furandicarboxylic acid (FDCA) [1]. Among them, DFF is regarded as a valuable starting
material for the polymer, pharmaceutical, and other industries [2]. The catalytic (both homogeneous
and heterogeneous) oxidation of HMF is the most promising and extensively studied method to
produce DFF. However, these catalytic processes are often carried out in organic solvents and at elevated
temperatures and pressures, which makes them energy intensive and harmful to the environment [3,4].
Heterogeneous photocatalysis has become an attractive technology for air and wastewater treatment due
to the easy in situ formation of powerful oxidizing agents in the presence of photocatalysts under mild
conditions (ambient temperature and pressure, solar radiation, etc.). [5,6]. Recently, a lot of efforts have
been made in the field of selective and partial photocatalytic oxidation or reduction of diverse substrates
to form compounds of higher value in aqueous solutions (organic synthesis) [7,8]. However, to control
the selectivity of HMF oxidation to DFF in an aqueous medium is challenging. It is reported that
a number of factors, such as the type of photocatalyst and crystallinity, as well as the type of irradiation,
can affect the photocatalytic oxidation of HMF to synthesize DFF [9,10]. A lot of research is devoted to
the application of new promising photoactive materials [11]. However, TiO2-based photocatalysts are
more attractive for use in photocatalytic technology due to their stability (both chemical and physical)
and nontoxicity [12,13]. It is well documented in the literature that physicochemical properties, such as
phase and surface structure, light-absorbing ability, and morphology, vary greatly depending on
the synthesis method, and even a small change in the preparation procedure can lead to a large
difference in photocatalytic activity [13]. Electrochemical methods are a green and beneficial alternative
to traditional synthetic methods. They are easy to scale and very attractive for industrial applications.
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In our previous studies, the pulse alternating current (PAC) synthesis was described as a promising
strategy producing highly active nanosized materials based on transition metal oxides, including
SnO2–SnO nanocomposite [14], ZnO [15], Co3O4/CoOOH [16], and CuOx [17] for various applications.

In the present study, TiO2 nanoparticles (TiO2-NPs), which have been prepared electrochemically
under pulsed alternating current conditions, were used in the oxidation of HMF as a photocatalyst.

2. Materials and Methods

2.1. Photocatalyst Preparation

TiO2-NPs were synthesized by an electrochemical process using pulse alternating current (PAC)
followed by thermal treatment. An aqueous electrolyte solution was prepared by dissolving a NaCl
salt in distilled water at a concentration of 2 M. An electrochemical cell equipped with a cooling jacket
was filled with the electrolyte solution. The Ti plates (99.7%) used as electrodes were immersed into the
cell parallel to each other at a distance of 1 cm between them. The asymmetric PAC was then adjusted
using a self-made source. The anodic:cathodic average current density ratio (ja:jk) was 1.0:0.2 A/cm2.
The current waveform used in the study is illustrated in Figure 1.

 

Figure 1. The current waveform during pulse alternating current (PAC) synthesis.

A magnetic stirrer inside the cell maintained the mixing speed in the solution at 400 rpm. A reaction
time of 20 min was selected to prevent a considerable deterioration of the Ti electrode. After synthesis,
the product was separated by filtration and washed with distilled water. The collected sample was
dried in an oven at 80 ◦C, and then calcined at 500 ◦C in air for 3 h.

2.2. Characterization

The crystalline phase was analyzed by X-ray diffraction (XRD) on an ARL X’TRA diffractometer
using Cu Kα radiation (λ = 1.5406 Å) in 0.02◦ increments. The size of nanoparticles was calculated
using the Scherrer equation:

dXRD =
Kλ
βcosθ

(1)

where dXRD is crystallite size (nm), λ, θ, and β are X-ray wavelength, Bragg diffraction angle, and full
width at half-maximum (FWHM) of the diffraction peak, respectively.

Morphological characteristics were observed using a scanning electron microscope (SEM) Tescan
Vega 3 SB with Oxford Instruments X-Act EDS detector. Fine structural analysis was performed on
a JEOL JEM-2100 transmission electron microscope (TEM). The main lattice spacing of the crystallite
structure was calculated by means of a fast Fourier transform analysis of high-resolution TEM
images. Specific surface area analysis via the Brunauer–Emmett–Teller (BET) method was done on
a Quantachrome NOVA 1200e instrument at 77.3 K.
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2.3. Photocatalytic Procedure

Photocatalytic reactions were carried out in a quartz beaker (100 mL) under ambient conditions.
The suspension was irradiated with a spotlight source (Hamamatsu, LC8) at a wavelength of 365 nm.
The suspension in the beaker was irradiated from the top; the radiation energy ranged from 3.0 to
6.0 mW cm−2, which was measured using a UV34 Lux Meter (PCE). The initial concentration of the
used substrate and photocatalyst was 0.4 mM and 1.0 g L−1, respectively. The experiments were carried
out under aerobic conditions with continuous bubbling of O2 at a flow rate of 3 mL/min. A run was also
carried out with the addition of methanol and Na2CO3 as the scavenger for hole and OH•, respectively.
Before turning on the lamp, the suspension was kept in an ultrasonic bath for 5 min, and then stirred for
30 min to achieve adsorption–desorption equilibrium. The amount of HMF adsorbed by the catalyst in
the dark was fairly low, i.e., less than 2% of the initial HMF amount. During the run, the aliquots of the
aqueous suspension were taken at fixed time intervals and centrifuged (15,000 rpm) before analysis.

The reaction solution was analyzed by high-performance liquid chromatography (HPLC)
instrument (Agilent 1260 LC, stable bond C18 column). The mobile phase solution, consisting of
70% acetonitrile and 30% ultrapure water, was supplied to the column at 30 ◦C and a flow rate of
0.5 mL min−1. The amounts of HMF and DFF were determined from a calibration curve obtained
using standard solutions of these compounds. The following formula was used to calculate the
selectivity to DFF:

Select.(%) =
Mt,DFF

Mo,HMF −Mt,HMF
× 100% (2)

where Mt,HMF and Mt,DFF are the quantities of moles at a moment t of HMF and DFF, respectively,
and the Mo,HMF is the initial amount of HMF.

3. Results and Discussion

Figure 2a shows the XRD pattern of the obtained TiO2. The main diffraction peaks of (101),
(103), (004), (112), (200), (105), (211), (213), (204), (116), (220), and (215) correspond to the crystal
planes of anatase phase. It is well known that anatase TiO2 exhibits more appropriate photocatalytic
properties compared to rutile TiO2 [18]. Using Equation (1), the value of crystallite size of TiO2 NPs
was determined to be 17.4 nm. The calculation was in good agreement with the TEM results.

Figure 2. XRD patterns of TiO2 nanoparticles before (a) and after (b) photocatalysis.

The EDS spectrum (inset in Figure 3a) shows the presence of peaks associated with the
elements Ti (0.4 keV and 4.5 keV) and O (0.5 keV), confirming the characteristic components of TiO2.
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The HRTEM image (Figure 3b) shows individual nanocrystals with clear one-dimensional lattice fringes.
The interplanar distance of 0.35 nm of the TiO2 NPs correspond to the (101) plane of anatase [19].

 

Figure 3. SEM (a) and HRTEM (b) images of TiO2 nanoparticles.

The specific surface area of TiO2 NPs synthesized by the electrochemical method using pulse
alternating current was measured using BET analysis. Figure 4 displays the N2 adsorption–desorption
isotherms of TiO2. The sample presents a type-IV isotherm with a H3 type hysteresis. The BET surface
area was calculated to be 58.6 m2 g−1.

Figure 4. N2 adsorption–desorption isotherm of TiO2 nanoparticles.

The detected product of HMF photooxidation is mainly DFF, which is consistent with literature [20].
In the dark or when exposed to light in the absence of a catalyst, no DFF was obtained, suggesting
that both light and catalyst are necessary for this photocatalytic oxidation reaction. The efficiency of
the electrochemically synthesized TiO2 NPs in the HMF photooxidation reaction with and without
scavengers was evaluated (Figure 5a). The corresponding DFF selectivity values were demonstrated
in Figure 5b. As can be seen, HMF can be almost completely oxidized without adding any trapping
species over 360 min at a light intensity of 3 mW cm−2 with DFF selectivity of approximately 10%.
Moreover, HMF degradation during self-photolysis cannot be ignored. It should be considered,

68



Processes 2020, 8, 647

however, that the contribution of photolysis in the presence of photocatalyst is always less significant
due to the shielding effect of the suspended powder.

 

Figure 5. Effect of scavengers on 5-hydroxymethylfurfural (HMF) photocatalytic oxidation (a) and
2,5-diformylfuran (DFF) selectivity (b). Experimental conditions: light irradiation intensity 3.0 mW cm−2,
catalyst dosage 1 g L−1, HMF concentration 0.4 mM, O2 flow 3 mL min−1.

In order to improve the selectivity for the partial oxidation reaction, methanol and Na2CO3 were
added to the reaction suspension as a hole and an OH• scavenger, respectively. It was observed that
a strong decrease in HMF oxidation efficiency was accompanied by an increase in the selectivity of DFF
compared to a similar run carried out in the absence of methanol. It is noteworthy that the Na2CO3

trapping agent had a slight effect on DFF selectivity during HMF oxidation. These results indicate that
in a methanol-containing photocatalytic system, alcohol acts as an efficient hole trap by preventing
the deep mineralization of HMF and increasing selectivity for the target DFF. In a previous paper [9],
a similar trend was observed for poorly crystallized TiO2. The evolution of DFF slowed down with
time (Figure 5b), which may be due to its overoxidation.

The effect of UVA light intensity on DFF selectivity was also examined. It was found that an increase
in light intensity leads to an increase in overall efficiency of HMF degradation (Figure 6a), but decreases
the selectivity of DFF (Figure 6b), probably due to higher contribution of direct photolysis processes at
higher light intensities [11].

 

Figure 6. Experimental results on photocatalytic oxidation of HMF (a) and DFF selectivity (b)
depending on irradiation intensity in the presence of electrochemically synthesized TiO2 and methanol.
Experimental conditions: catalyst dosage 1 g L−1, HMF concentration 0.4 mM, methanol concentration
50 mM, O2 flow 3 mL min−1.
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The obtained selectivity toward DFF (up to 33%) for electrochemically synthesized TiO2 NPs was
higher than for the previously reported titanium oxide samples prepared by microemulsion and sol–gel
methods [9,12]. A run carried out for comparison with the commercial TiO2 Evonik P25 (not reported
here) showed that the commercial catalyst was more active in the decomposition of HMF; however,
in this case, DFF was formed only in trace amounts (~1%). This may be due to the higher level of
crystallinity in the commercial sample [9]. A comparison between the photocatalytic performance
of the electrochemically synthesized TiO2 NPs and other TiO2 photocatalysts for HMF oxidation is
presented in Table 1.

Table 1. Comparison of photocatalytic performance of the TiO2 nanoparticles (NPs) with other TiO2

photocatalysts for HMF oxidation.

Sample
HMF

Concentration
Irradiation Type

HMF Conversion
(%)

DFF
Selectivity (%)

Reference

TiO2-m 0.08 M
300 W Xe-lamp
(250–2500 nm)

10 2
[12]12 2

22 5

HPA 1 0.5 mM four 8 W Philips lamps (365 nm)
3.0 mW cm−2 20 26 [9]

TiO2 NPs 1 0.4 mM Hamamatsu, LC8 (365 nm)
3.0 mW cm−2 15 29.5 the present

study

comm-TiO2 0.4 mM Hamamatsu, LC8 (365 nm)
3.0 mW cm−2 60 1.0 the present

study
1—Run performed in the presence of 50 mM methanol.

The reusability of the synthesized TiO2 NPs has been verified by recycling experiments during
which TiO2 NPs was reused by centrifugation and washing with water. Recycling experiments suggest
that HMF could be converted into DFF in three consecutive runs using recollected photocatalyst.
It is worth mentioning that the selectivity values became even higher after the second run (Figure 7)
than can be attributed to the decrease in TiO2 crystallinity.

 

Figure 7. Cycling runs in photocatalytic oxidation of HMF over electrochemically synthesized TiO2.

The stability of the TiO2 photocatalyst after the HMF photocatalytic oxidation has also been
investigated using XRD analysis, which is shown in Figure 2b. The results suggested that the crystallinity
of the TiO2 NPs becomes slightly lower after its third usage, which may be due to the photocorrosion
of the catalyst. In addition, the higher background in the diffraction pattern of the TiO2 sample after
photocatalysis is consistent with the appearance of some amorphous phase in the sample. However,
no other diffraction peaks were observed after the third photocatalytic run.
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4. Conclusions

Photocatalytic oxidation of HMF in water can provide an environmentally benign method to
produce valuable DFF. Electrochemical synthesis using pulse alternating current was carried out
to prepare TiO2 nanoparticles with a higher selectivity toward DFF (up to 33%) compared to the
commercial TiO2 sample. Photocatalytic selective oxidation of HMF to form DFF using electrochemically
synthesized TiO2 can be scaled up after optimization of all parameters.
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Abstract: The most promising direction for obtaining a unique combination of difficult-to-combine
properties of low-carbon steels is the formation of a dispersed ferrite microstructure and a volumetric
system of nanoscale phase precipitates. This study was aimed at establishing the special features of the
composition influence on the characteristics of the microstructure, phase precipitates, and mechanical
properties of hot-rolled steels of the ferritic class. It was carried out by transmission electron
microscopy and testing the mechanical properties of metal using 8 laboratory melts of low-carbon
steels microalloyed by V, Nb, Ti, and Mo in various combinations. It was found that block ferrite
prevails in the structure of steel cooled after hot rolling at a rate of 10–15 ◦C/s. Lowering of the
microalloying components content leads to a decrease in the block ferrite fraction to 20–35% and
the dominance of polygonal ferrite. The presence of nanoscale carbide (carbonitride) precipitates
of austenitic and interphase/mixed types was detected in the rolled steels. It was established that
the tendencies of changes in the characteristics of the structural state and present phase precipitates
correlate well with obtained values of strength properties. The advantages of titanium-based
microalloying systems in comparison with vanadium-based are shown.

Keywords: low-carbon steels of the ferritic class; nanoscale phase precipitates; strength characteristics;
steel composition; hot rolling; structure

1. Introduction

Currently, research and development of new types of structural steels is preferably aimed
at achieving simultaneously high indicators of difficult-to-combine properties: strength, ductility,
formability, corrosion resistance, weldability, and other service characteristics while reducing
production costs [1]. This is due to an increase in requirements for critical parts used in various branches
of engineering and industry: construction, engineering, transport, mining, oil, and others. The use
of traditional methods for increasing the strength of steel, which are based on the implementation of
such hardening mechanisms as grain boundary, solid solution, and dispersion hardening, causes a
deterioration in ductility and other service properties. The search for fundamentally new solutions has
led to the development of advanced steels for automobile sheet: dual-phase ferrite-martensitic and
multiphase steels with complex phase composition, as well as with increased ductility achieved as a
result of effects of transformation- and twinning-induced plasticity [1,2]. However, such steels, due to
the presence of hard components (martensite, bainite, etc.) in their structure, have limited formability,
and their production requires the use of specialized equipment and a complex alloying system, leading
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to increased costs [2]. Thus, to date, there are no steels combining simultaneously high indicators of
strength, ductility, formability, fatigue and corrosion resistance, and other service properties.

The most promising direction for solving the formulated problem is the creation of new steels
with a homogeneous ductile ferrite microstructure strengthened by formation of a volumetric system
of nanoscale phase precipitates and ferrite grain refinement [3–9]. Both strengthening mechanisms,
in many respects, are controlled by phase precipitations of various types and dispersion. The precipitates
formed in austenite (austenitic) contribute to the refinement of the microstructure. The dispersion
hardening mechanism is realized mainly due to the precipitation of carbides and carbonitrides during
or after the γ→ α phase transformation when steel is cooling or tempering [3,10,11]. Such precipitates
are named interphase and ferritic, respectively. Interphase precipitates, as a rule, have a size of
1–5 nm. They are arranged in layers with a period of 10–50 nm, parallel to the moving front of the γ/α

transformation. In ferrite, disordered formation of nanoscale carbide (carbonitride) precipitates occurs.
Their nucleation and growth takes place at dislocations; the average size, as a rule, is 3–10 nm [10].

Initially, to follow these principles, the Ti-Mo microalloying system was used, which provided
producing rolled products with a strength of up to 700–1000 MPa and high ductility, formability,
and other properties [4,12–14]. It was established that the formation of interphase precipitates,
which make a greater contribution to the strengthening than ferritic, occurs at a low (10–15 ◦C/s)
cooling rate of steel after rolling, leading to the simultaneous formation of a polygonal ferrite structure
with reduced strength characteristics [4]. Obtaining a stronger high-dislocation structure of block
(acicular) ferrite is the result of a higher (~30 ◦C/s) metal cooling rate, causing phase precipitation in
ferrite. Maximum strength indicators can be achieved by creating conditions for the simultaneous
formation of an acicular ferrite structure and a system of nanoscale interphase precipitates [4,5].

The results of subsequent studies (e.g., [6,15]) showed the possibility of using more complex
V-Nb-Ti-Mo microalloying systems. It served as the basis for the development of technologies for
the production of hot-rolled XPF650, XPF800, and XPF1000 steels of 650–1000 MPa strength classes at
TATA steel (UK, Netherlands) [7]. However, they are characterized by a high content of manganese
and microalloying components (up to wt.%): Mn-2, V-0.32, Nb-0.08, Mo-0.50, and the technological
parameters of production are mainly established by trial and error. This is due to the lack of reliable data
on the tendencies of the effect of the composition on the characteristics of forming phase precipitates,
the structural state, and mechanical properties of complex microalloyed steels of the ferritic class.
The present study aims to establish these influence patterns.

2. Materials and Methods

The investigation was carried out for low-carbon steels of the ferritic class, microalloyed by V, Nb,
Ti, and Mo in various combinations close to XPF grade. The steels were smelted in a vacuum induction
furnace with a magnesite crucible with a steel capacity of 7–8 kg and casted in a heated mold in one
ingot. The chemical composition (Table 1) of the investigated steels was obtained by spectral analysis
using an emission spectrometer.

Table 1. The chemical composition of the studied steels, wt.%.

No. Steel C Si Mn P S Mo Al Ti Nb V N

1 0.059 0.135 1.23 0.002 0.004 0.005 0.036 0.070 0.110 - 0.0070
2 0.053 0.110 1.28 0.003 0.004 - 0.020 0.078 0.030 - 0.0075
3 0.059 0.150 1.36 0.002 0.004 - 0.031 0.110 0.027 - 0.0115
4 0.061 0.150 1.38 0.003 0.004 0.200 0.020 0.170 0.024 - 0.0097
5 0.053 0.110 1.50 0.003 0.005 0.210 0.011 0.069 0.010 0.005 0.0091
6 0.050 0.087 1.47 0.003 0.005 0.190 0.017 0.068 0.010 0.200 0.0135
7 0.048 0.093 1.55 0.003 0.003 0.190 0.016 0.100 0.015 0.010 0.0076
8 0.055 0.088 1.60 0.003 0.006 0.200 0.019 0.130 0.016 0.059 0.0083
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It is seen from Table 1 that the produced steels are characterized by a relatively high manganese
content of 1.2–1.6 wt.%, as well as by a complex system of separate or joint microalloying of V, Nb, Ti,
and Mo with a variation in the concentrations of the components over a relatively wide range. Due to
the special feature of laboratory smelting, the produced steels have a relatively high nitrogen content and
low phosphorus concentration. As will be shown below, this imposes a certain physical reserve on the
established mechanical properties of rolled products due to the negative influence of nitrogen and neutral
effect of phosphorus [16]. The steel ingots of all compositions were heated to 1250 ◦C and rolled on a
DUO-300 reversible rolling mill into strips of 3 mm thick with a rolling end temperature of 900 ± 15 ◦C.
After the rolling end, the strip was cooled in an air stream with a cooling rate of 10–15 ◦C/s to 650 ◦C.
This temperature was chosen based on the previously obtained evidence [17] that to increase the strength
properties, it is necessary to use relatively high temperatures for coiling the strip. Then, the strip was
placed in a furnace heated to 650 ◦C, kept for 30 min, followed by cooling with the furnace, simulating the
cooling of a roll. Samples were made from the obtained hot-rolled strips.

The microstructure was studied by scanning electron microscopy, SEM, using a JSM-6610LV (JEOL)
device equipped with an INCA Energy Feature XT energy dispersive microanalysis system, INCA Wave
500 wave dispersion spectrometer, and transmission electron microscopy, TEM, using a JEM200CX device.
Due to big difference between dislocations density in different ferrite types, it was determined by counting
dislocations on TEM images related to each type. The type of nanoscale precipitates was identified using
the original technique based on analysis of their reflexes on microdiffraction images and a comparison of
several characteristics, including the following. Austenitic precipitates always have a tangential scatter of
reflexes on microdiffraction images, which means disorientation of the particles, sometimes quite substantial
(several degrees). Reflexes from ferritic particles look like long radial bands. Interphase precipitates
usually have superposition of both special characteristics of reflexes. The common distinguishing feature of
interphase precipitates is their arrangement in layers parallel to the moving front of the γ/α transformation.
Particles formed in austenite are characterized by the same orientation of particles in neighboring ferrite
grains with different orientations. Another indicator is the Baker–Nutting orientation relationship for
precipitates and the ferrite matrix. This relation occurs for ferritic particles, for austenitic—it is not fulfilled,
and interphase precipitates have only one orientation relationship [18].

The mechanical properties (yield strength, ultimate tensile strength, and relative elongation) were
determined using a HECKERT FP-100/1 tensile testing machine.

The thermodynamic analysis of the regions of phases existence in the studied steels was carried
out using the thermodynamic computer model [19] implemented on the basis of proprietary software,
by finding the conditions of thermodynamic equilibrium in multicomponent, multiphase systems with
given external and internal parameters (temperature, pressure, chemical composition). As a result,
the types of equilibrium phases, their quantities and compositions were determined by analysis of the
complete possible set for an alloying system of steel under consideration.

3. Results

The results of determining the mechanical properties of the samples of investigated rolled steels
are presented in Table 2.

Table 2. Mechanical properties of the studied rolled samples.

No. Steel Yield Strength, MPa Ultimate Tensile Strength, MPa Relative Elongation, %

1 615 680 15
2 535 600 18
3 585 655 16
4 650 765 15
5 555 625 15
6 610 700 14
7 605 665 16
8 600 700 12
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As can be seen from Table 2, the strength characteristics of the rolled samples vary over a wide
range, rising with increasing in V, Nb, and Ti concentrations and when Mo is present in the steel
composition. The values of relative elongation have close values in the absence of a definite correlation
with the strength characteristics. To clarify the noted features of the behavior of mechanical properties,
a study was carried out of structural state characteristics and present phase precipitates in rolled steels.

By means of SEM, it was found that all studied samples have a close ferrite microstructure. To establish
the mechanisms of the influence of chemical composition on the structure formation and properties of
the steels under investigation, a detailed study of their structural state and the carbide (carbonitride)
precipitates present was made by TEM methods. The results are summarized in Table 3. In all cases,
similar tendencies have been established for rolled steels containing Nb, Ti, and for steels of V, Nb, Ti,
and Mo complex microalloying. It was found that the metal matrix of rolled samples from steels of all
melts consists of ferrite of two morphological types: block and polygonal. Block ferrite, BF, (Figure 1) is
characterized by a dislocation density ranging from medium to high. The shape of the blocks is close to
equiaxed. The elongated shape of the blocks in the rolled steels No. 1, 2, 3 was not found, in samples of
steels containing molybdenum, except steel No. 6—was rarely observed. In rolled steel of smelting No. 6,
the shape of ferrite blocks is predominantly elongated and rarely close to equiaxial.

  
(a) (b) 

Figure 1. Typical views of block ferrite in rolled steel of smelting: (a)—No. 1, (b)—No. 6, ×15,000.

Polygonal ferrite, PF, (Figure 2a) has dislocation density varying from low to medium, grain size,
as a rule—up to 10–15 μm. In some cases (melts No. 2, 3, 5), there are separate grains larger than 15 μm.
In all steels, except No. 2 and 3, the volume fraction of block ferrite is predominant. In rolled steel
No. 1, rarely located regions of quasipolygonal ferrite are also detected (Figure 2b) with developed
blocking and dislocation density, which is intermediate between that characteristics for PF and BF.

  
(a) (b) 

Figure 2. Typical views of polygonal (a) and quasipolygonal (b) ferrite in rolled steel of smelting No. 1,
×15,000.
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By means of TEM study of thin foils, the presence of austenite in the rolled structure of all the
studied steels was not detected. In all melts, with the exception of No. 4, 6, 8, a small amount of
cementite was detected. It has the form of separate precipitates along the boundaries of grains/blocks
with sizes up to several micrometers (Figure 3). Precipitates of smaller sizes ~0.1–0.2 μm are practically
absent. Cementite precipitates were not found in rolled steel from smelting No. 6, and in the case of
smelting No. 7, their size in BF was, as a rule, no more than 0.2–0.3 μm, and in PF—up to ~1 μm.

 

Figure 3. Typical view of cementite precipitate in rolled steel of smelting No. 2, ×15,000.

Detected nanoscale carbide, carbonitride precipitates belong to two dimensional types. The first
type includes elongated austenitic precipitates up to ~10 nm in length (in the case of smelting No. 4,
6—up to ~15 nm) and not more than 3–4 nm in width (Figure 4a) formed in austenite. In the case of
steels No. 1, 2, 3, they were searched out in approximately 15–20% of ferrite grains, which have a
favorable orientation for their detection. Herewith, in those grains/blocks, in which they are present,
their number is usually small. In the case of smelting No. 4, 6, 7, and 8, austenitic precipitates are
significantly more representative and are found out in about 50–75% of ferrite grains, which have a
favorable orientation for their detection. The minimum amount of austenitic precipitates was observed
in steel No. 5.

Another size group consists of nanoscale precipitates of interphase/mixed type, which are
systematically present both in grains/blocks, in which austenitic precipitates are present, and in
grains/blocks, in which they are absent (Figure 4b). Except for steel No. 5, apparently, interphase
precipitates are localized in almost all ferrite grains/blocks. The size of precipitates observed in most
sections is up to 3–4 nm. Regions where interphase precipitates are larger—up to 5–6 nm are rarely
found. For interphase precipitates, the reflexes are noticeably blurred in the tangential direction.
Reflexes of complex shape correspond to nanoscale precipitates of a mixed type. Diffraction patterns,
in which reflexes from nanoscale precipitates would have the shape of a radially elongated strand (i.e.,
precipitates would form mainly in ferrite), were not detected.

The results of TEM analysis of carbide precipitates amounts can be explained using thermodynamic
calculation of the temperature dependences of the equilibrium phase composition of studied steels.
They are presented at Figure 5 for melts No. 2 and 4, which are characterized by minimum and
maximum strength properties, respectively. The fraction of titanium-based complex carbide in austenite
and ferrite in steel No. 4 is higher. This is consistent with TEM results of nanoscale precipitates (Table 3).
In addition, (Ti,Nb)C formation in steel No. 4 occurs at a higher temperature. Therefore, for this steel,
a greater degree of realization of grain refinement should be expected due to the inhibition of austenite
recrystallization caused by the deformation-initiated formation of precipitates, which is observed
experimentally. The conditions for the formation of Fe3C, a complex Fe7C3-based carbide, and Mo2C
occur at temperatures below 700 ◦C. As a result of the diffusion inhibition and the consumption of a
significant amount of carbon for the complex titanium-based carbide precipitation, the formation of
cementite, molybdenum carbide, and complex iron carbide M7C3 is almost completely suppressed.
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(a) (b) 

  
(c) (d) 

Figure 4. Typical dark-field and microdiffraction images of austenitic precipitates in rolled steel of
smelting No. 6 (a,b) and interphase precipitates in rolled steel of smelting No. 2 (c,d): (a,c)—dark-field
images, ×30,000, (b,d)—microdiffraction images.

 
(a) (b) 

Figure 5. Temperature dependences of equilibrium fractions of phases in steels No. 2 (a) and 4 (b).
M7C3 is a complex Fe7C3 -based carbide.

4. Discussion

The results of the present study indicate that the microstructure of complex microalloyed steels
of the ferritic class differ from the special features of Ti-Mo steels structure formation. Even at a low
cooling rate after the rolling end—10–15 ◦C/s, block ferrite is formed mainly, although the shape
of the blocks is closer to equiaxed, with the exception of smelting No. 6, where the blocks are
elongated. Only in rolled products of smelting No. 2, 3 the fraction of PF prevails over share of block
ferrite, as in Ti-Mo microalloyed steels [5,20]. This, most likely, is associated with a low content of
microalloying elements in the steels under consideration relative to other compositions, including
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the absence of molybdenum. According to [21], the addition of molybdenum to niobium-containing
steels with a manganese content of up to ~1.5 wt.% promotes obtaining of a homogeneous structure
of block (acicular) ferrite. It should be noted that microalloying with molybdenum also affects the
formation of nanoscale carbide precipitates: their number increases and their size decreases. This is
confirmed by a series of studies of steels with different base microalloying components and their
combinations [10,22–26]. The favorable effect of molybdenum is explained in [20,27] by the fact that
this element can suppress the annihilation of dislocations at high temperature and provide a larger
number of carbide nucleation centers. In addition, there is an acceleration of the process of formation of
precipitations. According to [20], the incorporation of molybdenum into carbide during the formation
of complex precipitates reduces the degree of mismatch between the lattices of the carbide and the
matrix due to a decrease in the lattice period, and, consequently, the energy of the carbide/austenite
interface. The effect of molybdenum observed in this study is completely consistent with the foregoing.

The amount of austenitic precipitates in steels No. 1, 2, 3 is relatively small compared to Mo
microalloyed steels, despite the close carbon content and high Nb concentration—0.11 wt.% in the
smelting metal No. 1. In samples of steels containing molybdenum, except steel No. 5, a significant
amount of austenitic carbide (carbonitride) precipitates of complex composition containing Nb and V
is formed, which is consistent with the data of [23,28]. The number of such precipitates in rolled steel
No. 6 is well over due to a significantly higher concentration of vanadium, and in steel of smelting
No. 4—titanium. However, the influence of austenitic precipitates on the formation of the structural
state and properties of the studied steels is apparently insignificant, since the size of the ferrite grain
is in all cases close and, as a rule, is less than 10–15 μm. Only in the case of rolled steels of melts
No. 2, 3, 5 in some samples there are grains larger than 15 μm. On the other hand, the amounts of
austenitic precipitates detected in steels No. 1, 2, 3 are rather close. Higher strength characteristics
and a smaller grain size of rolled steel No. 1 compared to No. 2, most likely, is associated with the
inhibition of recrystallization during hot rolling by niobium in solid solution [29], as well as grain
refinement during the formation of interphase precipitates [30]. The number of such precipitates
in rolled products of steel No. 1 is greater due to higher Nb and C concentrations, low N content
and is comparable with this indicator for steels No. 4, 6, 7, 8. This is associated with a significant
consumption of microalloying elements, especially in the case of smelting No. 6, for the formation of
carbide (carbonitride) precipitates in austenite.

The established special features of changes in the characteristics of the structural state and present
phase precipitates have a good correlation with the obtained values of the mechanical properties
(Table 2). Rolled steels of smelting No. 1, 6, 7, 8 are characterized by similar strength characteristics.
Slightly lower values in the case of smelting No. 2, 3, 5, most likely, are associated with slightly coarser
microstructure and fewer interphase precipitates controlling the dispersion hardening. The highest
yield and tensile strength were obtained for hot-rolled steel of smelting No. 6 having a complex
microalloying system of V, Nb, Ti, and Mo. The presence of high concentrations of V, Mo and an
increased Mn content facilitates the transformation of austenite to BF even at a low cooling rate, leading
to the formation of an elongated shape of blocks and creates the conditions for the formation of a large
number of austenitic and interphase precipitates based on V(C,N) [21,28]. This is in good agreement
with the results of [7,23], which showed that a significant contribution to hardening is achieved due to
the large number of nanoscale precipitates of vanadium carbide (carbonitride). In this case, a further
increase in strength properties is possible with an increase in the cooling rate and carbon content
in steel. When a high cooling rate after hot rolling of 50 ◦C/s was used in [7], the tensile strength
of steel with the composition (wt.%): 0.05C-1.7Mn-0.06Nb-0.15Mo-0.22V was 837 MPa. At a high
carbon content, hot rolled steel (wt.%): 0.09C-0.29Mn-0.093Ti-0.26Mo-0.14V had a tensile strength of
1000 MPa [23]. It should be noted that the concentrations of microalloying elements present in the
steel under consideration are sufficient to bind the present interstitial elements—C, N. As a result,
no cementite was detected in the steel microstructure. That means, there is a close analogy with IF
steels with a solid solution free of interstitial atoms. The properties of the steels No. 6 and 8 are similar.
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In this case, a decrease in the V concentration in the metal of smelting No. 8 is compensated by the
increased content of Ti and, to an insignificant degree, Nb and Mn.

The maximum strength properties were obtained for rolled steel of smelting No. 4, characterized
by a maximum Ti content and Mo microalloying. As follows from the results of TEM (Table 3) and
thermodynamic calculation (Figure 5), high values of yield and tensile strength are the result of
grain-boundary and dispersion hardening mechanisms due to the large number of complex nanoscale
carbide precipitates (Ti, Nb)C. The niobium content in this steel is small (0.024 wt.%), and the result is
in good agreement with the conclusions of the study of Ti-Mo microalloyed steels in [4] on the role of
titanium. An increase in the concentration of this element promotes an increase in the number of carbide
precipitates. At a higher carbon content (wt.%): 0.08C-1.39Mn-0.21Mo-0.165Ti and a similar regime of
thermo-deformation processing, the yield and ultimate strength of 770 and 840 MPa, respectively, were
obtained. At the same time, the presence of molybdenum in the composition of the steel stimulates,
as noted above, the acceleration of the nucleation of carbide (carbonitride) precipitates, but inhibits
their growth. This is well illustrated by the data obtained in the present study. In particular, a simple
increase in the Ti content in steel No. 3 led to a less increase in the strength characteristics of rolled
products compared to the metal of smelting No. 2 than in the case of smelting No. 4. On the other hand,
the amount of carbide (carbonitride) precipitates formed is directly related to the concentration of Ti in
the solid solution. Therefore, even if Mo is present in the steel composition, but Ti content is low, it is not
possible to form a sufficiently large number of precipitates and to obtain high strength characteristics.
This is evidenced by the relatively low yield and tensile strengths of rolled steel of smelting No. 5.
It is important that Ti remaining in the solid solution after binding at high temperatures of nitrogen
and sulfur can participate in the formation of carbide (carbonitride) precipitates [31], while S and N
content in steel of smelting No. 5 is quite high. As a result, only about 0.03 wt.% Ti remains in the
solid solution, which is not enough for the effective formation of a sufficiently large number of phase
precipitates. A significant consumption of titanium to bind the nitrogen present, in many respects, also
leads to a reduced level of strength properties of rolled steel of smelting No. 3. Thus, the presence of
increased concentrations of nitrogen and sulfur in the composition of the steels under consideration
is an unfavorable factor, since it leads to a decrease in the effectiveness of Ti and Nb. The effect of
phosphorus content is less significant, since the formation of complex phosphide precipitates in the
general form of FeTiNbP, as well as phosphorus segregation along grain boundaries, for example,
as in IF and IF-HS steels at the stage of recrystallization annealing, is of little significance in this case.
Therefore, the low phosphorus content obtained in laboratory smelting steels is not a significant factor,
since its increase to the level usually found in modern metallurgical practice of 0.006–0.010 wt.% will
not change the indicators of the structural state and properties of steel.

It should be noted that Ti and V have the highest propensity for the formation of the most effective
interphase carbide precipitates. These alloying metals have a small atomic diameter and, therefore,
a greater diffusion mobility [32], which allows the implementation of the process at higher rates of γ→
α transformation of steel. Moreover, Ti has a smaller atomic diameter, higher thermodynamic stability,
and, hence, the higher driving force for the formation of carbide precipitates in steel. This, in particular,
is indicated by the results of calculating the stability conditions for the carbide, nitride, and carbonitride
phases of the considered steel elements [30,33]. The formation of this type of titanium precipitates occurs
at incomparably higher temperatures than vanadium under other equivalent conditions. The noted
circumstances correlate well with the results obtained. From the data of Tables 1 and 2, it can be seen
that rolled products produced under equivalent conditions (steels No. 6 and 8) have higher strength
characteristics with a lower titanium content compared with vanadium. The participation of niobium
in the formation of interphase precipitates is greatly limited due to the significantly larger size and
lower diffusion mobility of atoms despite the high thermodynamic stability of carbonitride phases
comparable with titanium [30,32]. Values of the relative elongation of the studied rolled steels are
quite close. However, steels, which containing titanium as the main microalloying element (having the
highest concentration), in general, have slightly higher values than in the case of vanadium. Taking into
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account economic and cost indicators, the results obtained testify to the advantages of titanium-based
microalloying systems in comparison with vanadium-based.

5. Conclusions

Thus, a study of the microstructure, phase precipitates, and mechanical properties of separately or
jointly V, Nb, Ti, and Mo microalloyed low-carbon hot-rolled steels of the ferritic class made it possible to
establish the following special features. When they are cooled after rolling, even at a low cooling rate of
10–15 ◦C/s, unlike Ti, Mo microalloyed steels, block ferrite is formed mainly. The shape of the blocks is
closer to equiaxial, except for steel with a high content of microalloying components, where the blocks
have an elongated shape. On the contrary, in low microalloyed steels, the fraction of block ferrite is only
~20–35%, and PF predominates, as in Ti-Mo steels. In the metal of all melts, the presence of cementite
precipitates up to several microns in size was detected, except for steel with high Ti and V content.

The amount of austenitic carbide (carbonitride) precipitates in Nb, Ti microalloyed steels is much
smaller than in the case of complex V, Nb, Ti, and Mo microalloying, except for steel with a low V, Nb,
and Ti content. Their effect on the structural state and properties of steel is negligible. The presence
of more efficient nanoscale interphase/mixed type precipitates was detected in all steels, except steel,
characterized by low V, Nb, and Ti concentrations. In different areas of the metal, the ratio of volume
fractions of interphase and austenitic precipitates can vary significantly. In those grains (blocks)
where both types of precipitations are located, there are areas occupied exclusively by precipitations
of one type or another. The noted circumstance shows that the formation of austenitic precipitates
significantly reduces the potential of microalloying elements and prevents the formation of interphase
precipitates. The data obtained by TEM methods on the number of various types of phase precipitates
are confirmed by the results of a thermodynamic calculation of the temperature dependences of the
equilibrium phase composition of steels.

The established special features of changes in the structural state and present phase precipitates
correlate well with the obtained values of the mechanical properties. As in Ti-Mo microalloyed steels,
the strength characteristics of rolled products enhance upon obtaining the microstructure of block
ferrite and an increase in the number of nanoscale interphase and mixed type precipitates, the amount
of which grows with increasing V, Nb, and Ti concentrations and the presence of Mo in the metal
composition. In addition, the highest yield and tensile strengths were obtained for hot-rolled Nb, Ti,
and Mo microalloyed steel with a significant titanium content of 0.17 wt.%. It is shown that rolled
products obtained under equivalent conditions have higher strength characteristics at a lower titanium
content compared to vanadium. Values of the relative elongation of the studied rolled steels are quite
close. However, for steels with the titanium-based microalloying system, slightly higher values are
obtained than in the case of vanadium-based. Taking into account economic indicators, the obtained
results testify to the advantages of using titanium-based microalloying systems for the investigated
type of steels in comparison with vanadium-based.
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Abstract: Spark plasma sintering (SPS) investigations were carried out on three sets of Co
specimens: untreated, high energy mechanically (HEMT) pre-treated, and nanomodified powders.
The microstructure, density, and mechanical properties of sintered pellets were investigated as a
function of various pre-treatments and sintering temperatures (700–1000 ◦C). Fine-grained sinters were
obtained for pre-treated Co powders; nano-additives tended to inhibit grain growth by reinforcing
particles at grain boundaries and limiting grain-boundary movement. High degree of compaction was
also achieved with relative densities of sintered Co pellets ranging between 95.2% and 99.6%. A direct
co-relation was observed between the mechanical properties and densities of sintered Co pellets.
For a comparable sinter quality, sintering temperatures for pre-treated powders were lower by 100 ◦C
as compared to untreated powders. Highest values of bending strength (1997 MPa), microhardness
(305 MPa), and relative density (99.6%) were observed for nanomodified HEMT and SPS processed
Co pellets, sintered at 700 ◦C.

Keywords: spark plasma sintering; nanomodification; mechanical processing; densification;
mechanical properties

1. Introduction

Spark plasma sintering is finding increasing application as a key technology for hard or very
hard to sinter high performance materials [1,2]. The SPS technique has made significant contributions
to the development of advanced materials such as refractory materials, functional nano ceramics,
non-equilibrium materials, biomaterials, etc. [3]. Based on low voltage, pressure assisted, fast heating
with DC pulsed current, the SPS technique has high sintering speed, reproducibility, and reliability with
a great potential for achieving fast densification results with minimal grain growth in a short sintering
time [4–7]. Depending on the experimental configuration, sample geometry, thermal and electrical
characteristics, heating rates as high as 1000 ◦C/min and processing times of few minutes can be
achieved [4]. A few representative examples of SPS application include: the strengthening of alumina
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matrix with nanocomposites [8], large sized bulk metallic glasses [9,10], consolidation of metallic
powders [11–13], formation of porous materials [14], biomedical applications [15], formation of super
alloys [16], carbides [17], orthopedic alloys [18], etc.

During SPS operations, the heating power is distributed homogeneously over the volume of the
powder compact on a macroscopic scale. However, microscopically the heating power is dissipated
preferentially at the contact points between powder particles [4]. Pulsed current causes surface
activation of powders and enhanced diffusion in contact areas. According to the plasma/micro-spark
theory, a spark discharge occurring between powder particles creates a local high temperature state
leading to vaporization, local surface melting, and the formation of necks/constricted shapes in the
contact region [19]. As only the surface temperatures rise sharply through self-heating, the grain
growth, coarsening, and particle decomposition of the original particle are inhibited during the SPS
process. [20] For example, nanosized particles can be sintered using SPS without considerable grain
growth [21]. Such consolidation behavior can also result in completely novel microstructures and
materials, thereby opening new areas of research and applications. Due to plastic transformations,
high relative densities for powder sinters can be achieved in a short time.

Deng et al. (2019) reported on minor non-thermal effects of electric current such as electromigration-
enhanced densification during the SPS process [22]. Lee et al. [2] reported on the densification
mechanisms for SPS consolidation of tungsten powders; the sintering was carried in the temperature
range 1600–1800 ◦C (melting point of W: 3422 ◦C) and pressures of 60 and 120 MPa. The relative
density of the compacted pellets was found to range between 81–95%; there was some evidence for
superplastic-like behavior based on electron back-scattering results. Knaislová et al. [23] carried out
high pressure SPS sintering of Ti-Al-Si intermetallic alloys at pressures of 6 GPa and temperatures
ranging from 1045 to 1324 ◦C to produce low-porosity consolidated specimens of Ti5Si3 silicides in
an TiAl matrix. Marek et al. (2016) reported on the synthesis of ultrafine and microcrystalline cobalt
using high-energy ball milling followed by the SPS process; relative densities of 88.8% to 97.8% were
achieved [24]. Kundu et al. (2019) used high energy ball milling on Fe-9Cr alloys followed by SPS
consolidation for a range of dwell times (7–45 min) and temperatures (850–1050 ◦C) to achieve a
maximum relative density of 98% [25].

The aim of this study is to enhance the efficacy of the SPS process with appropriate pre-treatments,
and to investigate the densification, mechanical and microstructural properties of sintered cobalt pellets.
Due to high corrosion resistance, excellent mechanical properties, biocompatibility, cobalt-based alloys
are used in the manufacture of combustion chambers in gas turbines [26], strengthened superalloys [27],
biomedical and orthopedic applications, surgical implants, etc. [28,29]. Using high-energy mechanical
treatment and nanomodification in conjunction with the SPS process, in-depth investigations were
carried out on three sets of specimens over a range of temperatures. The influence of various
operating conditions on density, microstructure, and mechanical properties of sintered Co pellets was
investigated towards process optimization, and to produce high-quality sintered materials at lower
sintering temperatures.

The article is organized as follows. Details on the synthesis of cobalt nanopowders, operational
details of high energy mechanically and SPS treatments are presented in Section 2 (Materials and
Methods), along with a detailed experimental plan. Results on density measurements, microstructure,
bending strength, microhardness, and carbon diffusion on the reacted surface are presented in Section 3
(Results and Discussion), followed by critical analysis and discussion. Key findings from the study
and conclusions are summarized in Section 4 (Conclusions).

2. Materials and Methods

There were three key experimental procedures in this study: synthesis of Co nanopowders,
high energy mechanical treatment, and spark plasma sintering. Operational features of these procedures
and experimental plan are detailed below.
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2.1. Synthesis of Co Nanopowders

Co micropowder (Brand: PK-lu-electrolytic, NPO Rusredmet, St. Petersburg, Russia) was used as
the starting material for this investigation. Basic characteristics of Co powder were determined as:
purity ≥ 99.35%; Brunauer-Emmet-Teller (BET) surface area: 0.2 m2/g; average particle size: 3.4 μm.
Chemical precipitation was used to synthesize nanoparticles using the precipitation of Co (OH)2

from 10% Co (NO3)2; 10% NaOH solution was added to catalyze precipitation. This reaction was
followed by thermal reduction at 265 ◦C for 3 h under H2 flow, and the resulting nanopowders
were passivated at liquid nitrogen temperatures. The presence of a small amount of oxygen in the
commercial grade technical N2 (<0.4% oxygen) can lead to the formation of a thin (up to 5 nm)
oxide surface layer on nanoparticles. Therefore, these nanopowders could contain up to 3 wt. %
of oxygen. Synthesized Co nanoparticles were characterized using advanced analytical techniques:
Scanning electron microscopy (Tescan Vega 3, TESCAN, Brno, Czech Republic); transmission electron
microscopy (JEM-2010, JEOL, Tokyo, Japan); X-ray diffraction (Difrey 401, Scientific Instruments,
Russia), BET surface area measurement (NOVA 1200, Quantachrome Instruments, Boynton Beach,
Florida, USA). Detailed characterization results are presented next.

Figure 1A shows X-ray diffraction results (Cu Kα; 40 kV; 40 mA) for synthesized Co nanopowders.
Most of the diffraction peaks (shown in ‘black’) corresponded to the hcp phase of Co. The observed
peak height of the (101) peak (100%; 47.39◦) was much smaller than the (002) peak (28.6%; 44.26◦).
The (101) peak was also found to be relatively broad, whereas (002) peak was quite sharp and narrow.
These results indicate the presence of texture in these nanopowders. A small amount of the fcc phase
was also detected with two weak peaks (shown in ‘red’) at 45.922◦ ((111); 100%) and 53.456◦ ((002);
41.9%). Figure 1B shows a selected area electron diffraction patten (SAED) on cobalt nanoparticles
during transmission electron microscopy (TEM) investigations. The presence of sharp diffraction
spots indicates the crystalline nature of these particles. This result is in good agreement with X-ray
diffraction results (Figure 1A).

 

Figure 1. (A) X-ray diffraction (Cu Kα), and (B) selected area electron diffraction (SAED) results on
synthesized Co nanopowders.
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Figure 2a–d shows electron microscopy images (both SEM and TEM) of synthesized Co
nanoparticles in a range of magnifications. While most of the particles were well rounded, their shapes
were generally irregular with no well-defined form or shape. There was no specific tendency towards
spherical morphologies. These nanoparticles tended to reduce their surface area by agglomerating
into clumps larger than 150–200 nm (Figure 2a–d). From BET surface area measurements, the specific
surface area of synthesized Co nanoparticles was determined to be 10.1 m2/g. The average particle
size was found to be 67 nm. The presence of agglomerates imposes certain requirements for their
introduction into polydisperse media. Additional energy needs to be supplied to the system to break up
these aggregates and to achieve a high degree of homogenization of the mixture during the nanoparticle
injection process.

 
Figure 2. (a,b) SEM and (c,d) TEM micrographs of synthesized Co nanopowders.

2.2. High Energy Mechanical Treatment

A magnetic mill (UAP-3, 21st Century Advanced Technology, Russia) was used to carry out
HEMT on Co powders under argon atmosphere. Key components of the equipment include a magnetic
inductor to generate a high-power vortex magnetic field, water cooling circuit, electric resistance
tube furnace, and a steel reaction chamber (45 mm dia., 350 mm length). Further details have been
given elsewhere [30]. The simultaneous influence of high-power vortex magnetic field (0.16 T) and
mechanical processing of sample powders with ferromagnetic stainless steel needles in the reaction
chamber creates intense vortex rotation with speeds reaching 3200 rpm. Pressures within the chamber
can build up to several thousand MPa during operation. In this study, hard-wearing steel needles of
length 15–20 mm, 0.6–1.2 mm dia. were used as the ferromagnetic bodies to form the vortex layer.
The relative proportion of ferromagnetic needles to Co powder in the reaction chamber was chosen
to be 4:1 by weight. Co nanoparticles (0.5 wt. %) were first mixed with Co micro-powders in air.
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The HEMT treatment was carried out on the mixture in an argon atmosphere. Steel needles were
separated from the processed material by a sieve. A processing time of 3 min was used for all powders.

During the HEMT operation, sample powders get mixed extensively in the reaction chamber and
may undergo deformations along with changes in structure and reactivity [30,31]. Figure 3 shows
the morphology of Co particles before and after HEMT. Co particles were almost spherical initially
(Figure 3a). One minute of HEMT processing shows surface deformation and elongation of some
particles; not all particles were equally affected (Figure 3b). However, 2 min of HEMT processing
showed a significant flattening, increases in particle sizes, and transformation from spherical to disc
shapes (Figure 3c). Such changes in morphology can play a significant role in increasing contact regions
between Co particles during sintering.

 
Figure 3. SEM images of Co powders after HEMT operation. (a) t = 0 min, (b) t = 1 min, (c) t = 2 min.

2.3. Spark Plasma Sintering

Commercial SPS equipment LABOX-650 (Sinter Land Inc., Kyoto, Japan) was used in this
investigation. Key operating parameters were temperature: ≤2400 ◦C; pressing force: 0.5–60 kN;
heating rates: ≤500 ◦C/min; operating current: ≤5000 A; cylinder stroke 150 mm; sintering under
vacuum or inert atmosphere. Approximately 27 g of cobalt powder was loaded into each matrix
with an internal diameter of 3 cm. The inside of matrix was covered by graphite sheets to facilitate
the removal of the sintered product. Sintering of powders was carried out under pressure and high
temperature spark plasma, generated as an electric discharge between the particles under the influence
of a powerful pulsed current. Operating parameters during sintering were pressure 50 MPa, heating
rate 50 ◦C/min, holding time 5 min, temperatures ranging from 700 to 1000 ◦C. A pulsed direct current
(500–2500 A) was passed through the sample and the mold; the temperature was measured with help of
a thermocouple and a pyrometer. The voltage and current were changed automatically to provide the
preset heating and holding modes. Sintered samples were cooled to room temperature. The average
height of sintered cobalt pellets was found to be 4.2 ± 0.1 mm.

2.4. Experimental Plan

An outline of the experimental plan is shown in Figure 4. Spark plasma sintering was carried
out on three sets of specimens: (a) un-treated Co micro-powders, (b) HEMT processed Co powders,
and (c) nanomodified (0.5 wt. % Co nanopowders additive) Co micro-powders subjected to HEMT
processing. The concentration of nanopowders in the blend was determined by technological and
economic considerations [32–35]. Detailed structure–property measurements including density,
microstructure, microhardness, and bending strengths were determined for Co pellets sintered for a
range of temperatures.
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Figure 4. An overview of the experimental plan.

3. Results and Discussion

The SPS consolidation was carried out on three sets of Co powders over a range of temperatures.
Detailed results on sintered pellets are presented next. These are followed by critical analysis
and discussion.

3.1. Morphology and Microstructure

High resolution micrographs depicting the morphologies of Co powders following HEMT and
nanomodification pre-treatments are shown in Figure 5. Figure 5a (set I) shows that untreated,
as received Co particles were well rounded with sizes generally around 3 μm, which is consistent with
BET results on starting Co powders. The HEMT processing (Figure 5b, set II) led to the crushing, milling,
surface roughening, and size reduction of Co microparticles producing irregular shaped particles in a
range of sizes. Figure 5c (set III) shows the effect of HEMT processing on nanomodified Co powders.
Nanoparticles were seen evenly distributed throughout the powder mixture and showed a tendency
to attach with bigger microparticles. The HEMT pre-treatment was seen to cause a high degree of
deformation, mixing, homogenization, and activation of Co powders prior to SPS consolidation.

 
Figure 5. The SEM micrographs of three sets of Co micropowders: (a) untreated Co powder, (b) HEMT
treated Co powder, (c) nanomodification, and HEMT treatments on Co powders.
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Figure 6 shows optical micrographs (Axio Observer D1m; Carl Zeiss, Oberkochen, Germany) on
the microstructure of Co pellets sintered at 700 ◦C. Samples were polished to a mirror finish and were
etched with 30 wt.% nitric acid for 5 s. The largest grain size was observed in Figure 6a (set I) for Co
powders without any pre-treatment. Figure 6b,c (sets II and III) show that the grain-size had decreased
significantly for HEMT processed and nanomodified and HEMT treated Co powders. The largest
number of grains were observed for set III.

 
Figure 6. Microstructure of sintered Co pellets (700 ◦C) for sets (a) I, (b) II, (c) III of Co powders as
determined through optical microscopy.

3.2. Densification

The densities of sintered samples were determined using gas pycnometry technique (Ultra
pycnometer 1000, Quantachrome Instruments, Boynton Beach, Florida, USA). These measurements
were made with an accuracy of ±0.03%. Detailed results are shown in Figure 7. Figure 7A shows
the impact of sintering temperatures on the three sets of specimens. Densities of sintered Co pellets
were found to range between 8473 to 8860 Kg/m3 (theoretical density: 8890 Kg/m3). Corresponding
relative densities have been plotted in Figure 7B. These were found to range between 95.2% to 99.6%,
indicating extensive densification under certain operating conditions.

For the set I representing SPS consolidation on as received Co micro-powders, the density of
sintered pellets increased from 8585 Kg/m3 (700 ◦C) to 8840 Kg/m3 (800 ◦C) and later decreased with
increasing temperatures reaching magnitudes of 8528 Kg/m3 (900 ◦C) and 8604 Kg/m3 (1000 ◦C).
Maximum relative density of 99.3% was achieved at 800 ◦C. For the set II representing SPS results on
Co micro-powders with HEMT pre-treatment, highest pellet density (8847 Kg/m3) was achieved at
700 ◦C. Higher processing temperatures showed lower densities: 8660 Kg/m3 (800 ◦C), 8473 Kg/m3

(900 ◦C), 8615 Kg/m3 (1000 ◦C). Results for the set III, representing SPS results on nanomodified Co
micro-powders with HEMT pre-treatment, followed a trend similar to the set II. However, overall
densities were slightly higher in set III as compared to set II. Highest pellet density (8860 Kg/m3) was
achieved at 700 ◦C. Higher processing temperatures generally showed lower densities: 8740 Kg/m3

(800 ◦C), 8556 Kg/m3 (900 ◦C), 8689 Kg/m3 (1000 ◦C).
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Figure 7. Influence of sintering temperature on (A) absolute densities and (B) relative densities of three
sets of Co powders.

3.3. Mechanical Properties

The mechanical properties of sintered samples such as microhardness and bending strength were
determined using the microhardness tester (Tukon TM 1102, Wilson hardness, Norwood, MA, USA)
and universal testing machine (Instron 5966, Instron, Norwood, MA, USA), respectively. The impact
of pre-treatments and sintering temperatures on the bending strength of sintered pellets is shown in
Figure 8a. At 700 ◦C, the bending strength was lowest for untreated Co powders (set I: 1639 MPa).
With HEMT pre-treatment and nanomodification, increases to 1878 MPa (set II) and 1997 MPa (set III)
were recorded. This trend was reversed at 800 ◦C, albeit with lower bending strengths, with highest
value recorded for set I (1781 MPa); sets II and III recorded 1679 and 1728 MPa, respectively. All three
sets showed similar bending strengths at 900 ◦C. Bending strengths showed a small increase at 1000 ◦C
with trends between various sets similar to those observed at 700 ◦C. Bending strengths of sintered
Co pellets were strongly affected by the initial pre-treatments and temperatures of SPS consolidation.
Maximum bending strength of 1997 MPa was recorded for set III pellets sintered at 700 ◦C.
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The impact of pre-treatments and sintering temperatures on the microhardness of sintered Co
pellets is shown in Figure 8b. The microhardness of sintered Co pellets was determined using Vickers
scale with a load of 0.3 kgf. There appears to be a direct correspondence between the bending strength
and microhardness results. At 700 ◦C, the microhardness was lowest for untreated Co powders
(set I: 271 MPa). With HEMT pre-treatment and nanomodification, increases to 298 MPa (set II) and
305 MPa (set III) were recorded. All three sets showed similar microhardness values at 800 ◦C; while
set I showed a marginal increase, small reductions were observed for both sets II and III. Further
reductions were observed at 900 ◦C, followed by a small increase at 1000 ◦C. Following a trend similar
to bending strength, microhardness of sintered Co pellets showed a strong dependence on initial
pre-treatments and temperatures of SPS consolidation. Highest values of microhardness were observed
for nanomodified HEMT and SPS processed samples (set III). Maximum hardness of 305 MPa was
recorded for set III at 700 ◦C.

 
Figure 8. Impact of pre-treatments and sintering temperatures on (A) bending strength and
(B) microhardness of sintered pellets.

During SPS sintering, graphite inlays in the sintering matrix can be a source of carbon diffusion
into the Co pellet and may form a thin surface layer of carbide [36]. This can seriously impact the
mechanical properties of the sintered pellet. To estimate the extent of carbon penetration, microhardness
of the sintered pellet (set III, 1000 ◦C) was determined as a function of distance from the surface
(Figure 9). Carbon penetration depth was estimated to be ~0.3 mm as indicated by the regions of
low microhardness.

 
Figure 9. Impact of surface carbon diffusion on the microhardness of sintered Co pellets (set III,
1000 ◦C).
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3.4. Discussion

This study was focused on the roles of initial pre-treatments including high energy mechanical
treatment and nanomodification, and SPS consolidation temperatures on the basic characteristics of
sintered Co pellets. Initial pre-treatments had a strong influence on the morphology of Co powders
prior to sintering. While untreated Co powders (set I) were well rounded, high energy mechanical
treatment (set II) caused major particle deformations, disintegrations, and the generation of odd shaped
particles in a range of sizes. The addition of 0.5 wt. % Co nanopowders (set III) provided fillers for
closing small gaps during sintering. These treatments had a strong influence on the grain sizes of the
sintered pellets. The operating temperatures of SPS consolidation (700–1000 ◦C) were significantly
lower than the melting point of cobalt (1495 ◦C). As very limited grain growth is expected during low
temperature SPS sintering, the large grain size of sintered Co pellets (set I; 700 ◦C) is consistent with
large particle sizes of as received Co powders (Figures 3a and 5a). Intensive crushing and associated
deformations during HEMT (set II) and the additional presence of nano-modifiers (set III) resulted in a
high degree of compaction, filling of gaps, and enhanced sintering. As sintering was carried out at
fairly low temperatures, grain growth was strongly inhibited. Fine grain structure was observed for
both sets II and III (Figure 6b,c; 700 ◦C).

This study showed very high degree of compactions reaching up to 99.6% relative densities in
sintered Co pellets. This was achieved for set III pellets at 700 ◦C, 50 MPa pressure, 50 ◦C/min heating
rate, and 5 min of holding time. Results on untreated Co powders (set I) show that highest relative
density of 99.3% was achieved at 800 ◦C. Fellah et al. [37] achieved maximum relative density (94.5%)
for cobalt nanopowders with SPS technique at 500 ◦C, 50 MPa pressure, 100 ◦C/min heating rate.
Cabibbo (2018) used ball milling and SPS sintering on 2 μm cobalt powders to achieve a maximum
relative density of 95.8% [38]. Lee et al. [2] achieved a relative density of 81–95% for tungsten powders
with SPS technique at 1600–1800 ◦C, 60–120 MPa pressure, 100 ◦C/min heating rate, holding times up
to 60 min.

Highest relative density of 99.4% for set II with HEMT pre-treatment was observed at 700 ◦C,
a reduction of sintering temperature by 100 ◦C as compared to set I. This result clearly shows that HEMT
processing could be used to lower SPS temperature without compromising sinter quality. Other authors
have used high energy ball milling as a pre-treatment prior to SPS processing. Marek et al. [24] could
achieve relative densities of 88.8–97.8% on Co powders; and Kundu et al. [25] achieved a maximum
relative density of 98% for Fe-9Cr alloys. Even better results were observed for set III involving both
HEMT and nanomodification reaching the highest compaction of 99.6% at 700 ◦C. The addition of
nano-additives is known to inhibit grain growth by reinforcing particles at grain boundaries and
limiting grain-boundary movement [39,40]. Reduced porosity, fine grain structure, and a high degree
of compaction can also lead to improved mechanical properties of the sintered product.

The temperature of SPS consolidation was found to have a strong influence of densities, bending
strength, and microhardness of sintered pellets. Highest degree of compaction (99.6%), highest
bending strength (1997 MPa), highest microhardness (305 MPa) were observed for nanomodified,
HEMT processed Co powders sintered at 700 ◦C. This temperature is even lower than the half melting
temperature of Co. A direct correlation was observed between these basic characteristics and the
sintering temperature. With temperature increasing from 700 ◦C, the magnitudes of densities, bending
strength, and microhardness of sintered pellets were found to decrease, reaching a minimum at 900 ◦C
and then starting to increase at 1000 ◦C. This basic trend was observed for all three sets of Co specimens
to a certain degree. This trend cannot be explained in terms of initial particle shapes, morphology,
and grain sizes, which were significantly different for the three sets of Co specimens (Figures 5 and 6).

During SPS sintering of Ti-4.8 wt. %TiB2 composites, Namini et al. [41] observed a linear increase
in relative density from 93.90% to 99.88%, with sintering temperature increasing from 750 to 1200 ◦C,
thereby indicating high rates of porosity removal. However, the relative density of composites showed
a small reduction at 1350 ◦C which was attributed to the softening of the matrix at higher temperatures,
the grain growth surpassing densification postponing the porosity removal.
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Figure 10 shows the dependence of bending strength and microhardness on the relative densities
of sintered pellets. Data was taken from three sets of cobalt samples sintered at 700, 800, 900,
and 1000 ◦C. Both mechanical properties were found to increase linearly with increasing densities.
A linear correlation was also observed between the bending strength and microhardness of sintered
pellets. These results indicate a direct link between the sinter density and mechanical properties
irrespective of the sintering temperature. The impact of SPS temperature on densification and
mechanical properties needs to be understood clearly. High resolution microscopic investigations with
much smaller temperature steps will be required for creating an extensive database towards developing
a fundamental understanding, associated mechanisms, and for optimizing the overall process.

 
Figure 10. (A–C) Linear dependence of bending strength and microhardness on the relative density of
sintered pellets.

4. Conclusions

Our results show that HEMT and nanomodification could be used to lower sintering temperatures
while providing excellent results on basic characteristics of sintered products. Key findings of this
study are:
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(1). Three sets of Co micro-powders were investigated in this study: untreated, HEMT processed,
and nanomodified HEMT processed powders. The SPS consolidation was carried out in the
temperature range 700–1000 ◦C.

(2). The grain sizes of sintered Co pellets were largest for set I without any pre-treatment. Fine-grained
products were obtained for Co powders undergoing HEMT processing and nanomodification.
Nano-additives tended to inhibit grain growth by reinforcing particles at grain boundaries and
limiting grain-boundary movement.

(3). Very high degrees of compaction were achieved with relative densities of sintered Co pellets,
ranging from 95.2% to 99.6%. Pre-treatments as well as lower sintering temperatures were found
to play a key role in enhancing the sinter quality. A reduction of sintering temperature by 100 ◦C
was observed for pre-treated Co powders as compared to untreated Co powders for a comparable
sinter quality.

(4). Direct and linear co-relations were observed between the mechanical properties and densities of
sintered Co pellets. Highest values of bending strength (1997 MPa), microhardness (305 MPa),
and relative density (99.6%) were observed for nanomodified HEMT and SPS processed Co pellets
sintered at 700 ◦C.

(5). Lowest values of bending strength (1198 MPa), microhardness (268 MPa), and relative density
(96.1%) were observed for nanomodified HEMT and SPS processed Co pellets sintered at 900 ◦C.

(6). This study has shown that SPS operating temperatures need to be carefully optimized to prevent
inadequate sintering at low temperatures and increased porosity, defect formation, and product
degradation at high temperatures.
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Abstract: Silver nanodecahedrons were successfully synthesized by a photochemical method under
irradiation of blue light-emitting diodes (LEDs). The formation of silver nanodecahedrons at different
LED irradiation times (0–72 h) was thoroughly investigated by employing different characterization
methods such as ultraviolet–visible spectroscopy (UV–Vis), transmission electron microscopy (TEM),
and Raman spectroscopy. The results showed that silver nanodecahedrons (AgNDs) were formed
from silver nanoseeds after 6 h of LED irradiation. The surface-enhanced Raman scattering (SERS)
effects of the synthesized AgNDs were also studied in comparison with those of spherical silver
nanoparticles in the detection of 4-mercapto benzoic acid. Silver nanodecahedrons with a size of 48 nm
formed after 48 h of LED irradiation displayed stronger SERS properties than spherical nanoparticles
because of electromagnetic enhancement. The formation mechanism of silver nanodecahedrons
is also reported in our study. The results showed that multihedral silver nanoseeds favored the
formation of silver nanodecahedrons.

Keywords: silver nanodecahedron; SERS; photochemical synthesis; LEDs

1. Introduction

Recently, silver nanomaterials have gained much attention due to their various applications in
the areas of electronic and sensor engineering, catalysis, biomedicine, and surface-enhanced Raman
scattering (SERS) [1,2]. For the most part, these applications are based on unique optical properties of
silver nanomaterials, particularly their light absorption and scattering ability as a result of surface plasmon
resonance [1,3]. The optical properties depend on the shape and size of the nanoparticles, therefore in
the last decade, many groups all over the world have studied the synthesis of silver nanomaterials with
shape- and size-controlled anisotropy, such as plate-, cube-, wire-, rod-, pyramid-, and decahedron-shaped
silver [1–4]. Among these, silver nanoplates (AgNPs) and silver nanodecahedrons (AgNDs) have been
studied because of their localized surface plasmon resonance in a longer wavelength region. In particular,

Processes 2020, 8, 292; doi:10.3390/pr8030292 www.mdpi.com/journal/processes99



Processes 2020, 8, 292

AgNDs with multihedral structure display a remarkable scattering ability [3,4]. So far, AgNDs have
been synthesized by a chemical method using hydrazine as a reductive agent and trisodium citrate as
a stabilizer [5]. However, only few AgNDs are obtained with this method. The synthesis of AgNDs
using a photochemical method based on irradiation by light-emitting diodes (LEDs) for a better control
of their shape has gained much attention [3,4,6–10]. One of the first researchers to study AgNDs were
Stamplecoskie and Scaiano. In their study, AgNDs were synthesized via two steps: firstly, the synthesis of
3 nm spherical AgNPs with the optical reductive agent I-2959 and, secondly, their irradiation using 455 nm
blue LEDs. However, the reaction mechanism is not known [6]. Jamil Saade et al. also synthesized AgNDs
by irradiating 3–5 nm AgNP seeds with blue LEDs, but no applications of AgNDs were mentioned [7].
Shan-Wei Lee et al. first reported the synthesis of AgNDs based on the two aforementioned steps but
using 520 nm green LEDs at low temperature for SERS applications. Although these authors claimed that
the obtained AgNDs have better SERS properties than AgNPs, no persuasive explanation was given [8].
While studying the thermodynamics of formation of AgNDs, Haitao Wang et al. realized that using LEDs
at a low temperature would facilitate the formation of AgNDs. They studied the mechanism of AgNDs
formation but did not consider the surface plasmon effect, one of the important surface properties of silver
nanomaterials [9]. Cardoso-Avila et al. also applied LED irradiation on quartz cuvettes containing AgNPs
to synthesize AgNDs; however, neither the reaction mechanism nor the SERS effects were thoroughly
investigated [10,11].

In this study, we synthesized AgNDs under blue LED irradiation via a two-step photochemical
method. The formation of AgNDs was investigated at different LED irradiation times. The SERS effects
of the synthesized AgNDs were also studied in comparison with those of AgNPs in the detection of
4-mercapto benzoic acid (4-MBA), a Raman tester able to bind to silver nanoparticles through Ag–S
bonds, enhancing the SERS effects [12–14].

2. Materials and Methods

2.1. Chemicals

Silver nitrate (AgNO3, >99%, Sigma-Aldrich, Darmstadt, Germany), trisodium citrate tribasic
dihydrate (TSC, >99%, Sigma-Aldrich, Darmstadt, Germany), polyvinylpyrrolidone (PVP K30, Prolabo,
Kennersburg, NJ, USA), L-arginine (L-A, 99%, Merck, Darmstadt, Germany), sodium borohydride
(NaBH4, 98%, Merck, Darmstadt, Germany), 4-mercapto benzoic acid (4-MBA, 99%, Sigma-Aldrich,
Darmstadt, Germany), and DI water (standard HPLC, Merck, Darmstadt, Germany). Chemicals were
used without any purification.

2.2. Synthesis of Silver Nanodecahedrons

AgNDs were synthesized in 2 steps: (i) synthesis of AgNPs as seeds and (ii) irradiating the seeds with
blue LEDs to grow AgNDs with the aid of L-A [3,11]. The synthesis procedure is described in Figure 1.

Figure 1. Schematic illustration of the fabrication and surface-enhanced Raman scattering (SERS)
measurement of nanodecahedrons (AgNDs). TSC: trisodium citrate tribasic dihydrate, PVP:
polyvinylpyrrolidone, AgNPs: silver nanoplates, LEDs: light-emitting diodes, 4-MBA: 4-mercapto
benzoic acid.
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2.3. Synthesis of Seeds

All glass equipment and magnetic stirrers were treated with aqua regia before use. In total, 5 mL
of 50 mM TSC, 150 μL of 50 mM PVP, 2 mL of 5 mM AgNO3, and 250 μL of 5 mM L-A were mixed in
a beaker, then milli-Q water was added into the mixture to 100 mL. The mixture was magnetically
stirred at 500 rpm for 5 min. Afterwards, 800 μL of 100 mM NaBH4 was rapidly added to the solution.
The color of the solution immediately changed into light yellow, then yellow, indicating the presence of
AgNPs in the solution. The solution was stirred at room temperature and aged in the dark overnight.

2.4. Synthesis of AgNDs

A volume of 20 mL of the as-synthesized AgNPs solution stored in a glass bottle
(Wheaton-Germany) was exposed to blue LEDs (Dragon—Taiwan, 460 ± 12 nm, output: 10 W)
for 6, 12, 24, 48, and 72 h; the color of the solution changed from yellow to orange.

2.5. Characterization

The morphological structure of the synthesized AgNDs was studied through a JEOL JEM-1400
(Jeol Ltd., Tokyo, Japan). The samples were dropped onto 3 mm-diameter copper grids, dried at room
temperature, and analyzed by TEM (Jeol Ltd., Tokyo, Japan) at 100 kV. The light absorption spectra
of AgNDs and intermediates were analyzed by a V-750 UV/Vis spectrophotometer (Jasco Co., Tokyo,
Japan, 100 nm scanning speed per minute).

2.6. SERS Measurements

SERS in the presence of the reductive agent 4-MBA by silver nano-seeds and AgNDs obtained
after 48 h of LED irradiation was measured on a Si wafer. The wafer was cut into 1 × 1 cm slices and
treated with piranha solution to remove all organic compounds. Then, 2 mL of AgNDs (or AgNPs)
solution was centrifuged at 12,000 rpm for 15 min to obtain a precipitate. The precipitate was then
redispersed into 1 mL of DI water; 50 μL of 10−5 M 4-MBA solution was mixed with 450 μL of the
sample solution for 1 h at room temperature. Afterwards, 20 μL of the obtained mixture was dropped
on the Si wafer and dried at room temperature, obtaining a 4-MBA@AgNDs (or AgNPs) @Si wafer
ready for Raman analysis, carried out with HORIBA XploRA ONE TM, Palaiseau, France, equipped
with a 532 nm laser source and a 10x optical microscope lens. The sample was analyzed at 10 random
locations to obtain an average value. For comparison, the Raman spectrum of a 10−4 M 4-MBA solution
without AgNDs or AgNPs was also recorded with the same procedure.

3. Results

3.1. Synthesis of Silver Nanodecahedrons

The UV–Vis results in Figure 2 show the formation of silver nanoseeds (at 0 h) which presented
an absorption peak at 400 nm (peak 1). A yellow color indicated the presence of spherical silver
nanoparticles in the solution [4–9]. After irradiating with LEDs for 6 h, this peak showed a red shift
to 407 nm, and another peak (peak 2) appeared at 460 nm, corresponding to the vibration of dipole
resonance of AgNDs [6–9]. It was concluded that AgNDs were formed after 6 h of LED irradiation.
After increasing the irradiation time to 12 h, the UV–Vis spectra showed red shifts of both peak 1 and
peak 2 toward higher wavelengths, i.e., 413 nm and 470 nm, respectively. On the other hand, the
absorbance of peak 1 decreased, while that of peak 2 increased rapidly due to the generation of more
AgNDs from AgNPs after 12 h of irradiation. After 24 h, peak 1 was shifted toward 404 nm, and the
absorbance decreased from 1.1 to 0.5 a.u., proving the number of AgNPs in the solution continued
to decrease under LED irradiation. Peak 2 showed a decrease in the absorbance from 2.0 to 1.3, but
the wavelength did not change much. On the other hand, after 24 h, peak 3 appeared at 345 nm, in
accordance with AgNDs’ out-of-plane quadrupole resonance [6,9]. When we continued to increase the
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irradiating time to 48 and 72 h, we did not observe significant changes in the UV–Vis spectra. In fact,
compared to the 24 h spectrum, peak 1 and peak 3 intensity almost did not change, while the intensity
of peak 2 (464 nm), corresponding to AgNDs’s dipole resonance, increased to 1.81. In conclusion, 48 h
of irradiation was a suitable time to transform AgNPs to AgNDs.

Figure 2. UV–Vis spectra of silver nanoparticles at different LED irradiation times.

The TEM images in Figure 3a revealed that AgNDs with average size of 30 nm and AgNPs smaller
than 10 nm on average were the dominant species in the sample irradiated for 6 h. After 48 h of
irradiation, the TEM image showed the presence in the sample of AgNDs with average size of 48 nm,
in addition to AgNPs smaller than 10 nm on average. Moreover, the TEM results also indicated that
increasing the LED irradiation time would result in the combination of AgNPs, leading to the formation
of AgNDs, which was consistent with the UV–Vis results.

Figure 3. (a,b) TEM images and (c) particle size distribution of silver nanoparticles after 6 h and 48 h
of irradiation.

The formation mechanism of AgNDs under blue LEDs is shown in Figure 4. Due to their surface
plasmon resonance properties, the silver nanoparticles were able to combine to form anisotropic silver
nanoparticles with larger size when they were irradiated by LEDs, which provided enough energy for
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surface plasmon resonance [9]. The combination is illustrated in Figure 4. We propose two plausible
growth processes for the formation of Ag decahedrons.

Figure 4. Proposed mechanisms of formation of AgNDs.

Mechanism 1: AgNP seeds were first generated as multihedral seeds with a small size,
then combined with new-born seeds to form larger AgNDs [3,4,7,9]. It is widely accepted that
the shape of multihedral seeds strongly depends on the excitation wavelength. For example, irradiation
with blue LEDs would result in the formation of penta-twinned AgNDs [4,7,9,15], while planar twinned
seeds can be generated under green LEDs [6–8]. The TEM results of AgNDs formed after 6 h of LED
irradiation in this study showed the existence of AgNDs with sizes smaller than 20 nm, supporting
this mechanism.

Mechanism 2: Silver nanopyramids were first generated due to the combination of AgNPs. Five
pyramids were then combined along their side edges to form AgNDs during LED irradiation [4,7].
The TEM results of AgNDs observed after 48 h of irradiation (Figure 3) showed the presence of some
silver nanopyramids and incomplete AgNDs, providing a proof of this mechanism.

In general, both mechanisms are possible during LED irradiation. Compared to mechanism
2, mechanism 1 is favored because of the low probability of forming AgNDs from five pyramid
nanoparticles. Moreover, according to the UV–Vis results, the dramatic decrease in intensity of both
peak 1 and 2 after 24 h of LED irradiation, as well as the gradual increase in intensity of peak 2 and
the negligible change in intensity of peak 1 as the LED irradiation time of the silver solution kept
increasing up to 48 h, indicated the aggregation of small AgNDs into larger AgNDs, which further
supports mechanism 1.

3.2. SERS Properties of AgNDs

The Raman spectra of 4-MBA powder shown in Figure 5c revealed two peaks at 1091 and
1597 cm−1, corresponding to the aromatic ring vibration, and two peaks at 1150 and 1180 cm−1,
corresponding to the COO− vibration [12–14]. The SERS spectra of the mixture of 10−5 M 4-MBA and
AgNPs or AgNDs showed that the peaks of the aromatic ring were shifted toward 1082 and 1589 cm−1

(Figure 5a,b). The remarkably higher intensity of the Raman peaks compared with the flat Raman
signal of 10−4 M 4-MBA (as well as of 10−5 M 4-MBA) (Figure 5d) indicated that both materials were
capable of enhancing SERS; in particular, AgNDs showed better SERS enhancement than AgNPs.
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Figure 5. Raman spectra of the mixture of 4-MBA (10−5 M) and (a) AgNDs (after 48 h of LED irradiation)
or (b) AgNPs; Raman spectra of (c) 4-MBA powder and (d) 4-MBA (10−4 M).

The enhancement of SERS was probably due to chemical and electromagnetic mechanisms [12,13].
The chemical mechanism depends on the binding of 4-MBA and nano-silver. Since both AgNPs and
AgNDs were capable of binding 4-MBA through Ag–S bonds, the difference in SERS properties was due
to the electronic mechanism, which is deeply related to the surface plasmon properties of nano-silver.
AgNDs have better surface plasmon properties than AgNPs, as displayed by the UV–Vis results,
showing a bipolar peak for AgNPs twice as big as that of AgNDs. On the other hand, because the
excited wavelength was 532 nm, closer to the wavelength of the bipolar peak of AgNPs (464 nm) than
to that of the peak of AgNDs (400 nm), AgNDs were capable of better enhancing SERS, in agreement
with Haifei Lu’s report [3]. Besides, energy-concentrating spots called “hot spot” formed on AgNDs’
surface, which were located at the points and lines of the decahedrons [3,4,12,13] corresponding to face
(111). These spots further enhanced the SERS properties of AgNDs.

4. Conclusions

We successfully synthesized silver decahedrons nanomaterials (AgNDs) by a photochemical
method using blue 10 W LEDs. After 48 h of LED irradiation, silver nanoparticles with size smaller than
10 nm combined with each other, forming AgNDs with average size of 48 mn, which were analyzed by
UV–Vis spectroscopy and TEM. The results indicated that AgNDs were formed through intermediates
such as small AgNDs seeds or silver nanopyramids. Both silver nanoseeds and AgNDs exhibited good
SERS enhancement in the presence of 4-MBA. AgNDs had better SERS effects than AgNPs, which can
be explained by an electronic mechanism.
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Abstract: In this study, maleic anhydride (MA) grafted natural rubber (NR), known as maleated
natural rubber (MNR), was melt-prepared with the MA content varied within 1–8 phr. MNR was
used as the main matrix, with Halloysite Nanotubes (HNT) as a filler, in order to obtain composites
with improved performance. The compounds were investigated for their filler–filler interactions
by considering their Payne effect. On increasing the MA content, scorch and cure times increased
along with maximum torque and torque difference. The MNR with 4 phr of MA exhibited the least
filler–filler interactions, as indicated by the retention of the storage modulus after applying a large
strain to the filled compound. This MNR compound also provided the highest tensile strength among
the cases tested. It is interesting to highlight that MNR, with an appropriate MA content, reduces
filler–filler interactions, and, thereby, enhances the HNT filler dispersion, as verified by SEM images,
leading to improved mechanical and dynamical properties.

Keywords: natural rubber; maleated natural rubber; maleic anhydride; Halloysite Nanotubes

1. Introduction

Comparatively small loading levels of nanofillers in rubber matrices have drawn considerable
attention during recent decades [1]. The physical properties of rubber can be clearly improved by this
means. Such improvements depend on several factors, such as the filler aspect ratio, the degree of
dispersion, and the filler orientation. Halloysite Nanotubes (HNT) are interesting nanofillers that have
recently become available [2–4]. A HNT is a unique and versatile nanomaterial that is formed by the
physical weathering of aluminosilicate minerals, and is composed of aluminum, silicon, hydrogen and
oxygen. A HNT has two interlayer surfaces, one with aluminum hydroxide (Al-OH) groups located
inside the tubes, and the other with siloxane (Si-O-Si) groups that cover the outer surfaces of the HNT.

Due to the unique surface chemistry of HNT, the compatibility of natural rubber (NR) with HNT
is of interest, and several studies have sought to overcome their incompatibility. They have used
modified rubbers as compatibilizers, [5] coupling agents [6], and adjusted the steps of preparation [7].
The application of a compatibilizer has been observed to affect the overall structure of a composite. As
for the modified natural rubber, the improved compatibility of NR with HNT was obtained through
certain functional groups, i.e., maleic anhydride (MA). Pasbakhsh et al. [8] used MA grafted onto
ethylene propylene diene rubber (EPDM-g-MA) for compatibility with HNT. It has been demonstrated
that the HNT filler agglomerates less, and has a finer dispersion in the presence of EPDM-g-MA. This
has been attributed to reactions between hydroxyl groups on HNT surfaces and succinic anhydride
available at the EPDM-g-MA. Similar observation was also found by Ismail et al. [9], who proposed
interactions between hydroxyl groups in paper sludge and MA groups of maleated natural rubber
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(MNR). From a structural point of view, the interactions of NR with HNT can be made possible by
introducing this type of modified natural rubber.

The aim of this study is to find the same solution, as it has been shown to provide remarkable
properties to the composites. Therefore, the use of MNR as the matrix for improved compatibility with
HNT filler was proposed. Based on the chemical structure of MNR, it was expected to have improved
compatibility between the succinic anhydride group of MNR and silanol and/or siloxane groups of
HNT, and to have improved other related properties of the composites. To date, no prior report has
been published on detailed investigations concerning the use of MNR as a matrix with HNT filler. In
this study, curing characteristics, mechanical properties, and dynamic properties were investigated
and discussed. This study will improve the scientific understanding of how MNR could influence
the properties of rubber/HNT composites, and will provide useful information for preparing rubber
products based on MNR/HNT composites.

2. Materials and Methods

2.1. Materials

The Standard Thai Rubber (STR) 5L as the main natural rubber (NR) grade used for preparing
the composites. It was purchased from Chalong Latex Industry Co., Ltd., Thailand. The halloysite
nanotubes (HNT) was supplied by Imerys Tableware Asia Limited, New Zealand. The main components
in the HNT were SiO2 (49.5 wt%), Al2O3 (35.5 wt%), Fe2O3 (0.29 wt%), and TiO2 (0.09 wt%), with
traces of CaO, MgO, K2O and Na2O. Maleic anhydride was supplied by Sigma-Aldrich (Thailand) Co.,
Ltd., Bangkok, Thailand. The activators zinc oxide (ZnO) and stearic acid were purchased from Global
Chemical Co., Ltd., Samut Prakan, Thailand, and Imperial Chemical Co., Ltd., Bangkok, Thailand,
respectively. The accelerator, N-cyclohexyl-2-benzothiazole sulfenamide (CBS) was bought from
Flexsys America L.P., West Virginia, USA, and sulfur was purchased from Siam Chemical Co., Ltd.,
Samut Prakan, Thailand.

2.2. Preparation of MNR

The grafting of MA onto NR was prepared by mixing NR with MA in an internal mixer (Brabender
Plasticorder) at a temperature of 145 ◦C for approximately 10 min with a rotor speed of 60 rpm. The MA
contents varied within 1–8 phr. The resulting MNR was then purified to confirm the grafting of MA
onto NR. This was carried out by dissolving the rubber sample in toluene at room temperature for 24 h
and then at 60 ◦C for 2 h; the soluble part was collected and precipitated in acetone. The sample was
dried in a vacuum oven at 40 ◦C for 24 h. The purified MNR was finally characterized for a Fourier
Transform Infrared Spectroscopy (FTIR) spectrum.

2.3. Preparation of Rubber Composites

Table 1 lists the main ingredients used for preparing the rubber composites, in which the main
matrix used was separated accordingly. The total amounts of additives were mixed in a Brabender
(Plastograph® EC Plus, Mixer W50EHT 3Z, Duisburg, Germany), and, just after the dumping, the
compounds were passed through a two-roll mill to avoid excess heat. The compounds were then
compressed into specific shapes using a hydraulic hot press, with the vulcanizing times obtained by a
moving-die rheometer (MDR), which is described later.
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Table 1. Compounding ingredients used in the composites.

Ingredient
Amount (phr)

Control MNR

NR 100 -
MNR * - 100

ZnO 5 5
Stearic acid 1 1

CBS 2 2
Sulfur 2 2
HNT 10 10

Remark: * MNR used was compounded separately according to the MA content (e.g., 1–8 phr).

2.4. Observation of Functionality Changes Using Fourier Transform Infrared Spectroscopy (ATR-FTIR)

The FTIR spectra of MNR were analyzed using a Bruker FTIR spectrometer (Tensor27) with a
smart durable-single-bounce diamond in the ATR cell. Each spectrum was recorded in transmission
mode with 32 scans per spectrum and 4 cm−1 resolution from 4000 to 550 cm−1.

2.5. Measurement of Curing Characteristics

The curing characteristics of the composites were determined using an MDR (Rheoline, Mini
MDR Lite) at 150 ◦C. Torque, scorch time (ts2), and curing time (tc90) were determined according to
ASTM D5289.

2.6. Measurement of Mechanical Properties

The samples were cut into a dumbbell shape according to ASTM D412. The tensile tests were
carried out with a universal tensile machine (Tinius Olsen, H10KS, Pennsylvania, USA) at a cross-head
speed of 500 mm/min. This was to determine 100% modulus, 300% modulus, tensile strength, and
elongation at break. Further, the tear strength of the composites was also tested using the same machine
by following the ASTM D624 with a cross-head speed of 500 mm/min. The tear strength recorded was
the average of five repeated tests for each compound.

2.7. Dynamic Properties

The dynamic properties of the NR/HNT and MNR/HNT composites were studied using a Rubber
Process Analyzer model D-RPA 3000 (MonTech Werkstoffprüfmaschinen GmbH, Buchen, Germany).
The composite sample was cured at 150 ◦C based on the curing time from Rheoline Mini MDR Lite
(Prescott Instrument Ltd., Gloucestershire, England). Then, the sample was cooled down to 60 ◦C,
and varying strains in the range from 0.5% to 100% were applied at a frequency of 10 Hz. The raw
outputs storage modulus (G′) and damping characteristic (tan δ) were recorded, and the rubber–filler
interactions in the composites were monitored through the Payne effect. The Payne effect can be
quantified as follows:

Payne effect = G′f − G′i (1)

where G′f is G′ at 100% strain, and G′i is G′ at 0.5% strain. A larger Payne effect indicates poorer
rubber–filler interactions.

2.8. Scanning Electron Microscopy

The morphology of the rubber sample was screened by a scanning electron microscope (Quanta
400) to gain the detailed information on the dispersion of HNT filler in both NR and MNR. To produce
electrostatic charge during scanning, fractured samples were coated with gold palladium prior to
be scanned.
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3. Results and Discussion

3.1. Functionalities of Maleated Natural Rubber

The FTIR spectra and the peak assignments for MNR at various MA contents are shown in
Figures 1 and 2, and the peak assignments are also listed in Table 2. Considering the FTIR spectra of
the purified MNR, an intense and broad characteristic band at wavenumber 1787 cm−1 and a weak
absorption band at 1875 cm−1 confirmed the existence of succinic anhydride groups grafted onto
the NR molecules. The observed bands were responses to the symmetric and asymmetric carbonyl
(C=O) stretching vibrations of succinic anhydride rings. Moreover, there was an important peak
captured at wavenumber of 1723 cm−1 due to the formation of carbonyl groups of opened ring structure
succinic anhydride. The peaks seen in this study were quite similar to previous results seen in the
literature [10,11].

Figure 1. FTIR spectra of maleated natural rubber prepared at various maleic anhydride contents.

Figure 2. FTIR spectra in wavenumber range 1900–1600 cm−1 of NR and MNR at 8 phr of MA.
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Table 2. The observed peaks and their assignments for MNR samples.

Wavenumber cm−1 Assignment

2900 C-H stretch of NR
1875 C=O stretch of succinic anhydride (weak)
1787 C=O stretch of polymeric anhydride (weak)
1723 C=O stretch, carbonyl group
1664 C=C stretch of NR
835 C-H out of plane bend of NR

3.2. Curing Characteristics

The curing curves of the NR/HNT and MNR/HNT composites are shown in Figure 3, with the
results summarized in Table 3. The minimum torque (ML) slightly increased with the MA content in
MNR, and ML is known to represent the compound’s viscosity. A further increase in MA concentration
decreased the grafted MA content [12]. The MNR was melt-prepared, giving better contact with the
rubber molecules than occurs in the solution state, as described by Nakason et al. [10]. A further
increase of MA decreased the grafting efficiency, indicating the formation of maleate crosslinks under
shear at an elevated temperature. This matches the higher ML observed. A similar pattern was also
found for the maximum torque (MH) and for the torque difference (MH – ML) of the composites. This
could be caused by differences in HNT dispersion and by different extents of crosslinking. Because
these two torque values are known to represent the degree of crosslinking and/or the interactions
within the composite system [13], this clearly indicates that a lower degree of crosslinking may be
present due to acidity in the nature of maleic anhydride. As for the vulcanizing reaction, the MNR/HNT
compounds display significantly longer scorch and cure times than the NR/HNT compounds. This
is simply due the acidity in the nature coming from the ring opening reaction of succinic anhydride
groups. Any chemical substance that makes the rubber compound more acidic will cause adsorption
of accelerators [14] and retard the reactivity of accelerators.

Figure 3. Tensile strength and elongation at break of NR/HNT and MNR/HNT composites.
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Table 3. Curing characteristics of NR/HNT and MNR/HNT composites.

Compound ML (dN.m) MH (dN.m) MH-ML (dN.m) tS1 (min) tc90 (min) CRI (min−1)

MA 0 0.25 7.43 7.18 0.84 2.81 50.76
MA 1 0.22 7.63 7.41 2.92 6.40 28.74
MA 2 0.32 7.82 7.50 4.24 9.71 18.28
MA 4 0.38 7.77 7.39 5.14 13.05 12.64
MA 6 0.58 7.34 6.76 5.29 15.39 9.90
MA 8 0.58 6.25 5.67 5.46 19.16 7.30

3.3. Mechanical Properties

Figure 4 shows the stress–strain curves of the NR/HNT and MNR/HNT composites. The stress
and strain values appear to differ between the NR and MNR as a matrix. From the stress–strain curves,
it is possible to estimate the change point of the strain for each of the samples. Clearly, the strain at
the onset of the stress upturn for the MNR/HNT composites is much lower than that of the NR/HNT
composite, and the onset strain decreases with increasing MA content. This observation indicates
that the use of MNR affects the stress–strain behavior of NR and lowers the strain at the onset of the
stress upturn. Higher compatibility between MNR and HNT is responsible for these findings. Further,
the area underneath the stress–strain curve was examined to confirm the compatibility of rubber
and the filler. This indicates the toughness of a material [15]. The largest area underneath the curve
corresponds to the greatest toughness. The MNR/HNT composites showed a greater area underneath
the stress–strain curve than the NR/HNT composites, and, therefore, greater toughness.

 
Figure 4. Stress–strain curves of the NR/HNT and MNR/HNT composites.

To focus in more detail, the tensile strength and elongation at break are plotted in Figure 5.
The tensile strength increased when the concentration of MA increased. This is comparatively higher
than for the NR/HNT composite. An increment in the tensile strength of the MNR/HNT composites is
definitely caused by the improved compatibility of rubber and HNT. Grafting the succinic anhydride
groups onto the NR molecules of the MNR enabled an increase in the polarity of the rubber and made
it compatible with the HNT by forming the interactions between the succinic anhydride groups (either
in the form of an opened ring or a cyclic structure) and the hydroxyl groups on the HNT surfaces.
The formation of such interactions are seen and postulated in Figure 6. Similar interactions between
the hydroxyl groups of HNT and the maleic anhydride groups have been discussed recently, such as in
the case of EPDM-g-MA versus HNT by Pasbakhsh et al. [8].
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Figure 5. Tensile strength and elongation at break of NR/HNT and MNR/HNT composites.

Figure 6. Possible interactions between MNR and HNT.

A further increase of the MA content also reduces the tensile strength since a maleate network
may also be formed, and this would create a less uniform network structure [10]. Another possible
reason may be the lower degree of crosslinking of the composites: a higher MA content can increase
the acidity in nature of the MNR, leading to reduce the extension of crosslinking. This was clearly
explained in MH and MH – ML, reported in the preceding section. There was a similar effect observed
in the elongation at break of the MNR/HNT composites. The strong interactions of NR and HNT
can be confirmed from the stresses at 100% and 300% strains (see Figure 7). It can be seen that the
stresses at 100% and 300% elongations (M100 and M300) increased with the MA content. As more
MA was grafted onto the NR, more interactions took place, resulting in stiffer and harder composites.
The reinforcement index (i.e., the ratio of modulus at 300% strain to modulus at 100% strain) is also
embedded in Figure 7. Here, it can be seen that the reinforcing index gradually increased with the MA
content. This is attributed to the higher compatibility between rubber and the filler when MNR was
used as matrix. However, the lower tensile modulus and reinforcing index at a higher amount of MA
may be simply due to the lower degree of crosslinking, as related to the torque difference found in
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the previous result. Furthermore, the tear strength showed a remarkable improvement with the MA
content, as can be seen in Figure 8. The improved tear strength is due to the strong interactions of
MNR and HNT as well as to the improved HNT dispersion in the rubber matrix.

Figure 7. Tensile modulus and reinforcing index of NR/HNT and MNR/HNT composites.

Figure 8. Tear strength of NR/HNT and MNR/HNT composites.

3.4. Dynamic Properties

The dynamic properties of the composites were determined using a Rubber Process Analyzer to
investigate the storage modulus and the Payne effect. Figures 9 and 10 illustrate the storage modulus
and the Payne effect of the NR/HNT and MNR/HNT composites. It can be seen that the storage modulus
of all compounds was constant in the low-strain region, but decreased slightly with strains higher than
50%. This is common with viscoelastic materials and is due to the molecular stability of rubber. In
addition to that, the Payne effect was estimated from the difference between the storage moduli at small
and large strain amplitudes [16,17]. The level of Payne effect in the NR/HNT compound was 0.231
MPa and this decreased with the MA content to 0.174 MPa, 0.150 MPa and 0.160 MPa, with respect to
the MPS loadings of 2–8 phr, in this order. This is a good indication that the interactions between MNR
and HNT were improved. A lesser Payne effect indicates fewer filler–filler interactions [18]. However,
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higher Payne effect at higher amount of MA was linked to the lower degree of crosslinking observed
previously. The damping characteristics (tan δ) as functions of strain are shown in Figure 11. It is
obvious that the composites had lower damping characteristics with the addition of MA in the MNR,
indicating a considerable degree of molecular mobility. This is simply due to the better interactions
between rubber and the filler when using MNR as the main rubber matrix. The good compatibility
with the HNT filler increases the adhesion at interface, resulting in an improvement in the elastic
properties of the composites.

Figure 9. Storage moduli of NR/HNT and MNR/HNT composites.

Figure 10. Payne effect of NR/HNT and MNR/HNT composites.
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Figure 11. Damping characteristics (tan δ) of NR/HNT and MNR/HNT composites.

3.5. Scanning Electron Microscopy

Figures 12 and 13 show the tensile fractured surfaces of the NR/HNT and MNR/HNT composites.
With low magnification in the images, the surface roughness of the composites was captured and is
discussed subsequently. The scanning electron microscope (SEM) images of the composites with the
NR and MNR as a matrix are shown in Figure 12A,B. Figure 12B shows a rougher surface and more
matrix tearing lines than Figure 12A. This might be simply due to a higher rubber–filler interaction
when the MNR was replaced in the formulation, increasing resistance to the propagation of cracks and
thus providing a higher tensile strength in comparison to the NR/HNT composite. When a high MA
content was grafted onto the NR (see Figure 12C,D), the roughness became more visible, indicating
coherence of the rubber and filler, and, hence, the improved mechanical properties. In particular,
Figure 12C shows that the highest tensile strength matched a uniformly homogenous pattern of
roughness throughout the sample.

 

Figure 12. Scanning electron microscope (SEM) images of the tensile fracture surfaces of NR/HNT
composites in the presence of MNR/HNT as dual compatibilizers: reference (A), MPS 0 phr (B), MPS
0.5 phr (C), and MPS 1.5 phr (D), all at 100×magnification.
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Figure 13. SEM images of the tensile fracture surfaces of NR/HNT composites in the presence of
MNR/HNT as dual compatibilizers: reference (A), MPS 0 phr (B), MPS 0.5 phr (C), and MPS 1.5 phr
(D), all at 10,000×magnification.

To assess the dispersion of HNT throughout the rubber matrix, SEM images were taken at 10,000×
magnification and are shown in Figure 13. In Figure 13A, the agglomeration of HNT is seen on the
fractured surface of the NR/HNT composite. When the NR matrix was replaced with MNR (Figure 13B),
no agglomeration is seen due to good compatibility of the filler with the matrix. Moreover, the
dispersion of HNT improved with the increased MA content. The homogeneity of the composites
was significantly improved, especially when 4 phr and 8 phr MA was grafted onto NR (Figure 13C,D).
The improved dispersion of HNT is clearly responsible for the improved tensile strength and tear
strength, with more energy needed to break the samples. A better dispersion of HNT throughout
the matrix increased the stress at a given strain. Similar observations on changes of microfractured
surfaces with other fillers in NR composites in the presence of a compatibilizer have been reported
previously [19].

4. Conclusions

The overall properties of the composites clearly improved when MNR was used as the main
matrix of the HNT filled composites, when compared to those with plain NR. MNR has very special
functional groups that can form hydrogen bonds with the hydroxyl groups available on the inner
and outer surfaces of HNT. These interactions enhanced the tensile strength, modulus, and tear
strength of the composites, and were corroborated by the decrease in Payne effect quantified from
dynamic measurements. In this work, it has been clearly highlighted that the use of MNR improved
HNT–rubber interactions and reduced filler–filler interactions, which benefits the mechanical and
dynamical properties of the rubber composites. Therefore, MNR is a potentially alternative matrix for
compatibility with the polar HNT surfaces, and could also improve the processing behavior without
requiring the addition of a silane coupling agent, which is considered a complicated and costly method.
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Abstract: The reduction of heavy and radioactive metal pollution of industrial wastewater remains
a vital challenge. Due to layered structure and developed surface, potassium polytitanate had
potential in becoming an effective sorbent for metal extraction from wastewater in the presented
paper. On the basis of the different sorption models, this paper studied the mechanism of Pb2+ and
Sr2+ cation extraction from aqueous solution by non-crystalline potassium polytitanate produced
by molten salt synthesis. The ion exchange during metal extraction from model solutions was
proven by kinetic analysis of ion concentration change, electronic microscopy, and X-ray fluorescence
analysis of sorbent before and after sorption, as well as by theoretical modeling of potassium,
lead, and strontium polytitanates. The sorption was limited by the inner diffusion in the potassium
polytitanate (PPT) interlayer space, as was shown using the Boyd diffusion model. The sorption
processes can be described by Ho and McKay’s pseudo-second-order model compared to the
Lagergren pseudo-first-order model according to kinetic analysis. It was found that the ultimate
sorption capacity of synthesized sorbent reached about 714.3 and 344.8 (ions mg/sorbent grams) for
Pb2+ and Sr2+ ions, respectively, which was up to four times higher than sorption capacity of the
well-known analogues. Therefore, the presented study showed that potassium polytitanate can be
considered as a promising product for industry-scaled wastewater purification in practice.

Keywords: sorption; heavy metals; radioactive metals; potassium titanate; ion exchange

1. Introduction

Industrialization has caused the pollution of natural waters by industrial wastes containing heavy
and radioactive metals from ore-beneficiation plants [1], metal treatment [2], paints and pigments [3],
and batteries [4]. Lead and radioactive strontium are toxic and cause environmental and human
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health damage [5]. Accumulation of heavy metals in the reservoirs closed by enterprises may bring
severe hazards to the bio-system and society [6]; therefore, the reduction of the amount of metal in the
wastewater remains a vital challenge.

Ion-exchange sorption is still one of the most effective and cost-beneficial methods for removing
heavy metals from aqueous media [7–9], as it provides a high purification degree (up to 100%) of
highly polluted waters, the possibility of sorbent regeneration, and simple use. The most common
heavy metal adsorbents are synthetic zeolite, natural kaolinite, chitin, chitosan [10–14], carbon
nano-tubes (CNT), carbon materials [15–17], agricultural waste such as rice bran, orange peel [18],
montmorillonite, industrial by-products (such as lignin, diatomite, clino-pyrrhotite, lignite, aragonite
shells, peat), bio-sorbents [19], and nanomaterials of metal oxides [20]. However, the introduction of
most materials into the practice is limited because of its’ high cost, sensitivity to occupational conditions,
and complicated re-use. Therefore, the search for effective sorption materials is still important.

Potassium titanates have been considered as promising sorbents for heavy metals. In particular,
sorption capacity of crystalline potassium hexatitanate (K2Ti6O13) was found to reach 0.80 mmol/g in
Cd2+ solution [21]; meanwhile, the capacity of crystalline potassium tetratitanate (K2Ti4O9) in Cu2+

solution was 1.94 mmol/g [22]. The crystalline sodium titanate proved the capacity of 2.66 mmol/g
compared to the 0.24 mmol/g for H2Ti4O9 and 0.16 mmol/g for H2Ti3O7 [22–24]. Besides crystalline
potassium titanates, the special interest of researchers has been taken to potassium polytitanates
(PPT). Due to the high surface area and the relatively large distance between the layers of the
titanium–oxygen octahedron (1.5–2.0 nm), PPTs have increased ion-exchange capacity for heavy metal
removal from wastewater [25,26]. Moreover, PPTs have a negatively charged surface, which can
electro-statically attract metal oxide-hydroxide cations, as shown in our previous investigations of
layered lepidocrocite-like quasi-amorphous compounds based on modified PPTs extracting organic
dyes [27] and nickel ions [28].

Despite numerous studies on quantitative assessment of crystalline potassium titanate sorption
properties, there is still a lack of knowledge about the sorption mechanism and ultimate PPT
sorption capacity. Thus, the finding of this current study provides kinetic analysis to establish the
mechanism of heavy metal ion sorption on a new and poorly studied type of X-ray amorphous
sorbents—potassium polytitanates.

2. Materials and Methods

2.1. Synthesis and Characterization of PPT Sorbent

Potassium polytitanate (PPT) was synthesized by molten salt synthesis [25]. For the synthesis,
the following chemicals were used for the mixture preparation: KOH (98% purity, Vekton, St.
Petersburg, Russia), KNO3 (98% purity, Reahim, Moscow, Russia), and TiO2 (99% anatase, Aldrich,
Darmstadt, Germany, CAS 13463-67-7). The dry mixture was stirred for 5 min in an alundum crucible
with components mass ratio KOH/KNO3/TiO2 = 30:40:30 at 25 ± 2 ◦C. Then, after adding distilled
water in the mass of twice the TiO2 mass, it was stirred again for 5 min. Further, the mixture was
heated with a heating rate of 7 ◦C/min up to 500 ± 10 ◦C and was held for 3 h in an electric muffle
furnace PM-8 (TD Lab-Therm Ltd., Moscow, Russia) prior to natural cooling in the closed furnace
for 24 h. The cooled product was triturated in an agate mortar and placed in a glass beaker filled
with distilled water (powder/water ratio = 1:2) for thorough mixing. The resulting suspension was
washed six times with distilled water by decanting until the pH of the washing water was 10.5 ± 5. The
pH of the suspension was monitored with a 150MI pH meter (Measuring technology Ltd., Moscow,
Russia). Then, the suspension was filtered and dried at 50 ± 0.5 ◦C in a Binder FD 53 drying oven
(BINDER GmbH, Tuttlingen, Germany) for 24 h. The dry sample was ground into a powdered material
in an agate mortar. Considering the material’s hydrophilicity and the possibility of humidity change
during the long-term storage, all measurements were carried out for a freshly synthesized powder (no
more than 1 week after synthesis).
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The morphology and elemental analysis of the sorbent surface were performed with the use
of a scanning electron microscope (SEM) with integrated energy-dispersive X-ray spectroscopy
(EDX) analyzer EXplorer (ASPEX, Delmont, USA). After spraying gold onto a sorbent placed on
an aluminum substrate, measurements were carried out at the accelerating voltage of 15 kV. The
individual particles of the synthesized titanates were studied in terms of morphology and size by a
transmission electron microscope (TEM) JEOL JEM 1400 with an accelerating voltage of 120 kV (JEOL
Ltd., Tokyo, Japan). The PPT-specific surface was determined with the Quantachrome Nova 2200
analyzer (Quantachrome Instruments, Boynton Beach, USA) by using the initial part of the isotherm of
physical sorption of high pure nitrogen (99.999%) and was calculated by instrumental software using
the Brunauer-Emmett-Teller (BET) model. Preliminary degassing of the samples was carried out at 150
± 2 ◦C for 3 h. Own instrumental error did not exceed 2%.

The phase composition of the synthesized sorbent was determined using an X-ray diffractometer
ARL X’TRA (Thermo Scientific, Ecublens, Switzerland) with CuKα radiation (λCuKα = 0.15412 nm) in
a 2Θ angle range from 5 to 60 degrees. Bragg–Brentano measurement geometry was used for analysis
with step-by-step scanning mode, speed of 2 degrees, and signal accumulation time of 1 s. The library of
the international electronic database of diffraction standards (produced by ICDD—International Center
for Diffraction Data)—PDF-2 (Powder Diffraction File-2) database in the Crystallographic Search-Match
Version 3,1,0,2 B was used for phase identification on the resulting diffractograms. The permissible
absolute error limits in measuring the angular positions of the diffraction maximum were ±0.0015◦.
Particle-size distributions of the ceramic filler and polymer particles in the dispersion were obtained
using Analysette 22 MicroTec Plus Fritsch laser diffraction equipment.

The performed quantum modeling of the PPT structure facilitated the understanding of the
material structure and the explanation of possible sorption mechanisms. Thus, optimizing to minimum
potential energy, the clusters K4Ti8O18, Pb2Ti8O18, and Sr2Ti8O18 were modeled. As a modeling result,
the calculated “cation-oxygen” distances in the PPT structure were obtained.

A quantum chemical study was performed by the Priroda 6 program, using the density functional
theory (DFT), Perdew–Burke–Ernzerhof (PBE) functional [29], L1 basis, using scalar relativistic
corrections [30,31] prior to the calculation of the cation-oxygen inter-atomic distances in the compounds.
The obtained values allowed for the creation of the PPT cluster by incrementally changing the geometry
of the molecules with optimization of the system potential energy to the minimum.

2.2. Sorption Capacity Assessment

Lead nitrate (Pb(NO3)2, 99.5% pure, Vekton Ltd., Russia) and strontium 6-water chloride
(SrCl2·6H2O, CAS 10025-70-4 Vekton Ltd., Russia) were used to prepare two separate aqueous solutions
(for a separate measurement of lead and strontium ions sorption) with Pb2+ or Sr2+ concentration of
50 mg/mL (hereinafter in the calculations—C0). The solutions were prepared on the basis of distilled
water (pH = 6.0–6.5) right before the experiment. The pH of the initial solutions were 4.50 ± 0.20 and
10.65 ± 0.30, respectively, for Pb2+ and Sr2+ solutions. The PPT was exposed to the prepared solution
(sorbent concentration 110 g/L) at 25 ± 0.2 ◦C for 90 min with constant stirring using a magnetic stirrer
(60 rpm). Throughout the experiment, the pH of the system was measured using an MA130 ion-meter
(Mettler-Toledo GmbH, Greifensee, Switzerland).

Every 5 min, 5 mL of the suspension was taken and filtered on a Bola GmbH PTFE filter (Bohlender
GmbH, Grünsfeld, Germany, pore size—10 μm, pressure—50 mm Hg). The concentration of metal
ions (ion concentration at the given point in time, Ct) was determined in the filtrate using the X-ray
fluorescence method on the Spectroscan-MAX-G spectrometer (Spectron, Moscow, Russia) with
a scanning crystal diffraction channel. The measurements were carried out at 20 ◦C using an X-ray tube
with a silver anode (4 W, 40 kV, and 100 μA) and LiF crystal analyzer (200) in the interval—810...3200
mA with a scanning step of 2.0 mA. The method sensitivity for metal ions was 1–20 ppm. Kinetic curves
((ΔC = f (t), where ΔC = C0 − Ct is the change in concentration by the time t, min) were created on
the basis of obtained data. Reaching the constant ΔC value means the occurrence of the dynamic
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equilibrium corresponding to the metal ions concentration C1. The sorption capacity Q (mg of metal/g
of sorbent) was calculated by Equation (1):

Q =
(C0 −Ct)V

m
(1)

where C0 is the initial metal ion concentration, g/L; Ct is the metal ion concentration after the
sorbent/sorbate dynamic equilibrium onset, g/L; V is the volume of the metal salt solution, l; and m is
the mass of sorbent, g.

2.3. Numerical Analysis of Adsorption Kinetics

Sorption kinetics analysis was performed by modeling after a detailed comparison of several
key models to evaluate the contribution of various sorption mechanisms. Boyd’s diffusion model is
currently the only kinetic model allowing simultaneous examination of external and internal diffusion
as limiting sorption stages. This approach simplifies the analysis by eliminating the need for multiple
recalculations of experimental data using several models.

By the Boyd model, external diffusion processes were characterized by the time dependence
−log(1−F), where F is the equilibrium degree in the system calculated by Equation (2):

F =
Qt

Qe
, (2)

where Q is the adsorbed substance amount per sorbent mass unit at the moment of time t (Qt) and in
the equilibrium state (Qe, mg/g).

The sorption limitation by intra-diffusion processes was determined by the F − Bt dependence,
where Bt is the dimensionless Boyd parameter calculated more accurately by Equation (3):

Bt = 0.4977− ln(1− F) (3)

The identification of the influence of the chemical stage of ion exchange on the process of PPT
interaction with metal ions was performed considering sorption using the kinetic model of pseudo-first
and pseudo-second Lagergren’s orders, which takes into account the solid sorbent sorption capacity [32],
described by the Equation (4):

log(Qe −Qt) = logQe − kt
2.303

(4)

where k is the sorption rate constant, min−1.
The correspondence of the obtained experimental data of the pseudo-second-order model was

performed using the Ho and McKay classical equation [33] in the linear form:

t
Qt

=
1

k2Q2
e
+

t
Qe

(5)

where k2 is the rate constant, g·mmol−1·min−1.

3. Results and Discussion

3.1. Characterization of Sorbents

The morphology, structure, and elemental and phase composition of PPT was studied before
and after sorption. The synthesized PPT was a powder with particle size distribution from 100 nm to
10 μm (Figure 1a,b). Large particles were mainly aggregates of individual particles, having a layered
structure and consisting of flat flakes with sizes mainly from 300 to 1000 nm and thickness of several
atomic layers (Figure 1c). The specific surface area of the obtained PPT was from 90 to 100 m2/g
(variation in the series of experiments). X-ray diffractogram of the PPT before sorption (Figure 2b)
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did not include specific peaks, whereas the wide reflex at 48 degrees indicated the formation of the
PPT structure [25,34]. The broad peak, amorphous halo, in the range between 25 and 35 degrees
of 2Θ testified the X-ray amorphous structure of PPTs and the absence of long-range order in the
lattice periodicity.

Figure 1. Particle size distribution of potassium polytitanates (PPT) before sorption (a); scanning
electron microscope (SEM) (b) and transmission electron microscope (TEM) image (c) of PPT before
sorption, and SEM image of PPT after sorption of Pb2+ (d) and Sr3+ (e).
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Figure 2. Chemical composition data (energy-dispersive X-ray spectroscopy (EDX)) (a) and X-ray (b)
of synthesized PPT and exposed sorbents (Sr-PPT and Pb-PPT).

It was shown that the particle morphology of exposed sorbents did not differ from the initial form
(Figure 1d,e). The adsorption intensity of the K band decreased, whereas Pb and Sr bands appeared
according to its X-ray fluorescence spectrum (Figure 2a). The obtained data suggest the ion exchange
of K+ ions with Pb2+ and Sr2+ on the PPT surface. In the series of K+, Pb2+, and Sr2+ ions, the bond
length between cat-ion and oxygen, calculated using the density functional theory, decreased in the
structure of the PPT (Table 1). The obtained values of the bond length were relatively close to those
found in the literature data [35]. The discrepancy with the literature data was due to the limited size
of the calculated cluster and estimated errors of the optimization of the system potential energy to
the minimum.

Table 1. Inter-atomic distance “cation-oxygen” for K4Ti8O18 and Me2Ti8O18 (Me = Pb or Sr).

Complex Cation

Calculated
Distance

“Cation-Oxygen”,
nm

Reviewed
Distance

“Cation-Oxygen”
[35], nm

Divergence with
Literary Values, %

K4Ti8O18 K+ 0.280 0.269 4
Pb2Ti8O18 Pb2+ 0.232 0.262 11
Sr2Ti8O18 Sr2+ 0.261 0.256 2

On the basis of the smaller inter-atomic distance indicating a stronger bond of Pb2+ and Sr2+

ions with oxygen compared to K+, it can be assumed that the strong chemical connection of Pb2+ and
Sr2+ ions would minimize the probability of desorption of ions and, therefore, prevent secondary
environmental pollution.

3.2. Change of Sorption Rate

Figure 3 shows the time- and pH-dependent kinetics and limited sorption capacity of Pb2+ and
Sr2+ ions. According to the kinetic curve of Pb2+sorption, the induction period accompanied the
sorbent’s aging during the first 5 min of being on (Figure 3a, Pb2+-ion curve). This effect may have been
caused by the slow destruction of inert lead complexes followed by its accumulation near the surface,
which is typical of transition metal solutions [36,37]. Then, the lead sorption in the solution started
to intensify, and in 30 min the system achieved a quasi-equilibrium state at ΔC = 42.0 ± 1.9 mg/mL.
The second equilibrium occurred at 45 min, when the efficiency of Pb2+ ion extraction was 99.4%
(the maximum decrease in concentration was 49.7 ± 1.5 mg/mL). The complex mechanism of PPT
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interaction with Pb2+ ions was caused by the layered structure of the sorbent—the first equilibrium at
the initial stage could be most likely be explained by the ion adsorption on the PPT surface, whereas the
second equilibrium was related to sorbate diffusion into the PPT interlayer space. Because the pH of
the Pb2+-based PPT suspension during the sorption process was within the range of 4.5–6.2 (Figure 3b),
sedimentation of oxide–hydroxide metal complexes was not expected, and Pb2+ ion intercalation
processes were very possible.

 

(a) (b) 

Figure 3. Sorption kinetic curve of Pb2+ (1) and Sr2+ (2) ions on PPT at pH < 6.5 and pH > 8.5,
respectively (a), and the pH value during the Pb2+ and Sr2+ sorption on PPT (b).

When extracting Sr2+ ions in the first 10 min, the concentration of the ion changed linearly to ΔC
= 25.0 ± 1.6 mg/mL (Figure 3, Sr2+ ion curve). Then, it increased gradually, and after 45 min reached
a maximum value of 36.0 ± 1.0 mg/mL; at that point, the degree of extraction reached 72%. This kinetic
curve behavior was likely due to the twice larger ionic radius of Sr2+ than Pb2+, complicating the
diffusion of the ion into the PPT interlayer space. In this regard, there was a single equilibrium state
related to the ion sorption on the sorbent surface. Moreover, the pH of the Sr2+-based PPT suspension
during the sorption process exceeded 8.5 (Figure 3b), meaning that the basic medium contributed to
the formation of surface oxide–hydroxide metal complexes, and excluded the intercalation process.

However, the kinetic analysis did not explain the differences in sorption of cations, and it did not
reveal the mechanism of sorption combining the transfer of cat-ions and chemical interaction of PPT
with metal ions.

3.3. Analysis of the Diffusion Component of the Sorption Process (Boyd Model)

To assess the role of cations transfer to and inside the solid surface, we used the diffusion model
(Boyd model). Within the Boyd diffusion models, a quantitative approach was applied for the primary
distinction between intra- and external-diffusion adsorption limitation, which involved the analysis of
kinetic data in the coordinates −ln(1−F) and t.

According to the Boyd model, the linear dependence in the coordinates (−ln(1−F))-t indicates
the external diffusion of ions to and along the surface of the sorbent as the limiting stage of
sorption. The coefficient of approximation accuracy for given dependences was relatively low
over the entire time range for studied systems: R2 ≈ 0.9 for Pb2+ and R2 < 0.9 for Sr2+ ions (Figure 4).
However, the identification of the linear areas for both metal ions became possible within the first
25 min of interaction. Therefore, the Pb2+ sorption was limited by external (film) diffusion only within
first contact stages (sorption time was less than 25 min). Then, while the PPT active centers were being
filled, the impact of intra-diffusion mass transfer on the sorption process increased. The logarithmic
dependence of the equilibrium attainment degree on the Boyd parameter (Figure 5) obtained for the
sorption of Pb2+ ions proved the intra-diffusion mechanism of sorption. The high approximation
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confidence coefficient of the given curve of the logarithmic trend line (R2 > 0.98) indicated a large
contribution of the internal diffusion of metal ions in the sorbent interlayer space to the overall rate of
the sorption process.

Figure 4. Change of −ln(1−F) coefficient for metal ion sorption on PPT.

Figure 5. Change of equilibrium attainment degree (F) depending on Bt during Pb2+ ion sorption.

Analysis of the data from Figures 3–5 suggested a mixed kinetic mechanism (including components
of external and internal diffusion) for the Pb2+ ion sorption at PPT, where the sorption process was
limited by the stage of external diffusion of ions to and along the sorbent surface at the beginning of the
interaction between metal ions and PPT, and then internal diffusion in the PPT interlayers became the
slowest stage after reaching the certain saturation degree of sorption centers. Thus, the kinetic curve
had two equilibrium parts related to adsorption and intercalation processes. However, the Sr2+ ion
sorption rate at the first stage of interaction with PPT was limited only by the external diffusion of ions
in the solution and on the surface of the sorbent (Figure 4) due to discrepancy of F − Bt dependencies
for the Sr2+ solution, proving insignificant impact of internal diffusion on the final sorption rate.

The use of the Boyd model showed a complex interaction of PPTs with Pb2+ ions, and the limiting
stage of external and internal diffusion was difficult discover because the total sorption rate was
determined by a different mechanism of diffusion transfer of metal cations.

3.4. Analysis of Chemical Kinetics of Sorption Processes

The kinetic models of pseudo-first and pseudo-second orders can allow for the estimation of the
contribution of chemical interaction of sorbent and cation into the sorption kinetics. When analyzing
the sorption process using a pseudo-first-order model (Figure 6), the linear dependencies of log(Qe−Qt)
with a sufficiently low coefficient of R2 were obtained. Furthermore, the R2 for Sr2+ ions (Figure 6, Sr2+

ion curve) lay below R2 for Pb2+ ions (Figure 6, Pb2+ ion curve). The results of the experimental data
treatment indicated the diffusion presence as being a preliminary stage in the sorption process of ions
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on PPT, though its role was small, especially in the case of Sr2+ ions. Thus, following the Lagergren
model, the sorption of Pb2+ and Sr2+ ions was limited by the chemical ion exchange reaction stage,
whereas the diffusion stage preceding ion-exchange sorption had a small additional impact on the
reaction between sorbate and functional group of the sorbent.

 

Figure 6. Sorption kinetics of Pb2+ and Sr2+ ions in the coordinates of the Lagergren pseudo-first-order.

The ongoing sorption processes more likely corresponded to the pseudo-second-order of Ho
and McKay’s model (Figure 7), regardless of the ion nature. The value of R2 for the log(Qe−Qt)
dependencies was 0.903 and 0.884 for Pb2+ and Sr2+ ions, respectively (Figure 6), compared to 0.971
and 0.997 for the t/Qt dependence (Figure 7).

 

Figure 7. Sorption kinetics of Pb2+ and Sr2+ ions in the coordinates of the Ho and
McKay pseudo-second-order.

Linear character of the dependences in the pseudo-second-order model’s coordinates proved the
limitation of ion sorption by the ion exchange stage; herein, this dependence was more defined for
Sr2+, and the reaction between the sorbent and the sorbate was a second-order reaction (they interacted
with each other in one equivalent ratio). The linear curves allowed for the definition of the capacity
and rate constant of the sorption (Table 2).
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Table 2. Sorption kinetic parameters of Pb2+ and Sr2+ ions and PPT sorption capacity.

Ions

Rate Constants
PPT Sorption Capacity

for
Pseudo-Second-Order

Model

k, min−1 k, g·mg−1·min−1

Pseudo−First Order
Model

Pseudo−Second Order
Model

Pb2+ 0.0023 9.6·10−7 714.3

Sr2+ 0.0009 10·10−6 344.8

Analysis of the sorption kinetic parameters, namely, the pseudo-first- and pseudo-second-order
sorption constants, as well as the sorption capacity, allowed us to find out the multistage interaction
mechanism of PPT with metal ions. This was most likely explained by the large PPT specific surface
area (90–100 m2/g), as well as sufficiently large interlayer distance, which both caused the interaction of
the sorbate on the outer surface with thiol groups (-TiOH) and on the inner surface by ionic substitution
of potassium cations.

The pseudo-first-order model described indeed chemical sorption, as most probable chemical
reactions including ion exchange and covalent bonding are confirmed by good compliance of
experimental data. Herein, the assumption made when the chemical composition analysis of the PPT
surface before and after sorption was proven by the ion exchange as a limiting stage of the metal cation
absorption by PPT.

3.5. PPT Sorption Capacity Compared to Published Sorbents

On the basis of the calculated sorption capacity Q (mg of metal/g of sorbent) (Table 2) and the
experimentally determined equilibrium time τeq (45 min, Figure 3), PPT sorption capacity exceeded
the capacity of the most known titanium sorbents (Table 3).

Table 3. Reported adsorption capacities towards heavy metal ions by typical adsorbents.

Adsorbent Ion
Adsorption

Capacity,
mg/g

Equilibrium
Time, min

Adsorption
Conditions

Reference

PPT
Pb2+ 714.3

45
pH = 4.5–6.2

This article
Sr2+ 344.8 PH = 8.5–10.8

Chitosan/TiO2 hybrid
adsorbent Pb2+ 36.8 60 ◦C

pH = 3–4 [38]

Na2Ti3O7 Pb2+ 563.6 60–120 - [39]

Titanates with
various morphology Pb2+ 105–304 90 - [40]

Magnetic titanium
nanotubes Pb2+ 442.5 60 pH = 5 [41]

Titanate nanofibers
Pb2+ 244–280 - pH = 6–7 [42]
Sr2+ 50–55 -

Titanate nanotubes Pb2+ 2.6 - pH = 5 [43]

299.5 - [44]

Titanate nanotubes
obtained by

hydrothermal
method

Pb2+ up to 2000 30 pH = 4 [45]

520.8 180 pH = 5–6 [46]

Sr2+ 91.7 10 - [47]

98.7 30 - [48]
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Thus, the sorption capacity of the synthesized PPT can exceed the capacity of most known
literature titanium-containing sorbents with developed morphology of 1.3–270 times for Pb2+ and
3.5 times for Sr2+.

4. Conclusions

In this study, X-ray amorphous potassium polytitanate sorbent with a layered structure and
well-developed outer and inner surfaces were synthesized by a molten salt method, and its sorption
characteristics were investigated. The sorption equilibrium during PPT aging in Pb2+ (рН< 5.5) and
Sr2+ (рН< 8.5) solutions with a concentration of 50 g/L occurred in 45 min. The sorption capacity of PPT
was calculated on the basis of a kinetic parameter study designed in accordance with pseudo-second
order model and was equal to 714.3 mg/g and 344.8 mg/g for Pb2+ and Sr2+ ions, respectively.

The multi-stage interaction mechanism between ions and sorbent, including outer diffusion
to sorbent surface, inner diffusion on sorbent surface, inner diffusion in the PPT interlayer space,
and ion exchange chemical reaction where ion exchange occurs as a liming stage, was developed
using Boyd’s diffusion model and pseudo-first- and pseudo-second-order chemical kinetic models.
Herein, Pb2+ sorption rate was significantly affected by the outer (within first minutes of interaction)
and inner diffusion. Energy-dispersive analysis and quantum chemical study proved the lead and
strontium presence in the PPT composition after sorption.

In summary, the sorption capacity of potassium polytitanate sorbent obtained in this study was
significantly higher than the capacity of the most ceramic materials synthesized previously [38–47].
Despite better sorption of metal cation on carbon-based sorbents [15–17], ceramic materials are more
preferable because of their re-use for various practical applications. For this reason, the synthesized
material is a promising product for industry-scaled wastewater purification in practice.
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