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Preface

Developing and optimizing industrial processes to form materials to their desired
size, shape, and microstructure are in turn deciding the products’ properties. This
composition–process–structure–property relationship is the key for any materials
processing routine. Characterization of properties and microstructure is an impor-
tant element in determining critical processing parameters. Recent advances in
characterization instruments have contributed to an in-depth understanding of
materials properties and structure that has enabled much precise process control.

The Characterization of Minerals, Metals and Materials Symposium is sponsored
by the Materials Characterization Committee of The Minerals, Metals & Materials
Society (TMS). The main focus of this symposium includes but is not limited to
advanced characterization of extraction and processing of minerals and the process–
microstructure–property relation of metal alloys, ceramics, polymers, composites,
and electronic materials. New characterization methods, techniques, and instru-
mentations are also emphasized.

The Characterization of Minerals, Metals and Materials symposia are one of the
largest at each TMS Annual Meeting and attract researchers in the field of materials,
minerals, mechanical engineering, chemistry, and physics. At the TMS 2020 149th
Annual Meeting & Exhibition held in San Diego, California, USA, this symposium
received 222 abstract submissions, of which 122 submissions were accepted for
oral presentation in 13 technical sessions, and 100 were accepted as poster pre-
sentations. This proceeding volume includes 72 peer-reviewed manuscripts of
original research. The authors of the papers represent more than 24 countries from
North America, South America, Asia, Europe, Australia, and Africa.

This proceeding publication is a valuable reference for academia and industry
that includes advanced characterization methods and instrumentations that cover a
wide range of research fields. Readers will enjoy the diversity of topics with novel
approaches to process and characterize materials at various length scales.

The editors of this proceeding volume are very grateful to the authors for their
contributions and willingness to share their research findings. The editors would
also like to thank TMS for providing this valuable opportunity to publish this
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stand-alone volume. Appreciations also extend to the Materials Characterization
Committee and Extraction and Processing Division (EPD) for sponsoring the
symposium. The editors also thank the publisher, Springer, for its timely publica-
tion of this book.

Jian Li
Lead Organizer
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Characterization of Iron Ore Sinter
Samples by Automated SEM

Mingming Zhang and Marcelo Andrade

Abstract This paper presents a new mineralogical and textural characterization
solution for iron ore sinter samples using an automated single scanning electron
microscope. It employs a motorized and computer-controlled multiple sample stage.
Mosaic images covering large areas of polished sections are acquired to measure the
volume/weight fraction of mineral compositions (phase fraction calculation is based
on user-defined density per phase). Different classifiers discriminate hematite, cal-
cium ferrite, calcium silico-ferrite, magnesioferrite, calcium silicate and glasses. The
entire process is automatic and produces a full pdf report containing typical images
and the quantification of mineral phases and grain size. This study represents a con-
venient method for analyzing mineral phase and grain size in iron ore sinter samples
that can allow for quicker results in sintering process control and optimization.

Introduction

Iron ore sinter constitutes an important part of total ferrous burden in modern blast
furnace ironmaking operations. Nowadays, most sinter plant operates with large
amount of fine materials and reverts; the characteristics of available sintering feed
and operation conditions of sinter plant vary from time to time, making it difficult
to control and predict production rates as well as sinter quality. Characterization of
mineral phases of sinter is a cost-effective and complementary tool to conventional
physical andmetallurgical testing of iron ore sinter in evaluating and predicting sinter
quality. The understanding of sinter mineralogy also can help improve blast furnace
operation stability and productivity [1]. This is because the porosity of sinter affects
the reducibility of iron ore to pig iron, while its morphological characteristics affect
the reducibility and strength of the iron-bearing material in blast furnaces.

Over the years,many schemes have been developed for characterizing iron ore sin-
ter to classify primary sinter phases such as unreacted and partially reacted hematite
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and magnetite and secondary phases, including prismatic high-temperature silico-
ferrite of calcium and alumina (SFCA), secondary hematite and magnetite, glass,
larnite (dicalcium silicate; Ca2SiO4) and remnant fluxes [2]. Quantification of these
phases has traditionally been carried out by visual point counting method under a
reflective light microscope; recently, new technologies based on automated opti-
cal image analysis, quantitative X-ray diffraction and scanning electron microscopy
have been reported and made available for evaluation. Particularly, mineralogical
quantification through automated SEM including QEMSCAN® can give consistent
and reproducible phase recognition because of its automation and may be more
robust than point counting reflective light microscopy because of its chemically and
backscattered electron (BSE)-based identification [3].

For all SEM-based systems, potential difficulties in mineral phase analysis occur
when phases of similar chemistry such as hematite and magnetite also have similar
average atomic numbers (i.e., similar BSE intensities). It is therefore important to
develop an automated SEM method to differentiate magnetite and hematite based
on surface characteristics of the iron oxides being measured (gray scales, porosity,
texture, etc.) and the degree of ionic substitution in the iron oxides (Mg, Ca, Al and
Mn et al.).

This paper presents an automated SEM method based on stereology and point
counting principle to discriminate and measure major phases and grain size in iron
ore sinter samples. The automated SEM method makes use of software paradigm to
differentiate iron oxide mineral phases with similar chemistry and atomic numbers.
In addition, BSE stabilizers, gun alignment, andmagnification field size, stage height
(working distance) are optimized to determine gray scale of interested phases. The
third point BSE calibration standards are adopted and beam dwell times on specific
point can be increased to enhance identification to improve discrimination between
similar phases. Image analysis and post-processing are also used to eliminate cer-
tain artifacts of analysis. Two sinter samples of different chemistry were prepared
and characterized using the developed method, and the implication of the results
obtained from this quantification method is also assessed. The method presented in
this study can be an expedient way to analyze mineral phase and grain size in iron
ore sinter samples that can allow for quicker results in sintering process control and
optimization.

Materials and Methods

Sample Selection and Preparation

Two set of pot-grate sinter samples were selected as iron ore samples for this study.
For each set of sinter samples, ten sinter pieces in the granulometric fraction of 10
to 15 mm were examined. All the samples were cold mounted with epoxy resin and
subsequently ground and polished. After an initial examination under a reflective
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Table 1 List of samples and their chemical composition

Sinter sample set Total Fe FeO SiO2 CaO Al2O3 MgO CaO/SiO2

2-1 53.06 9.37 5.06 13.80 1.5 3.40 2.73

2-2 53.75 9.67 5.00 12.90 1.3 3.11 2.58

light microscope, the cross-section was covered by an evaporated carbon layer to
make it conductive and suitable for SEM analysis (Table 1).

Mineral Phase Analysis Method by Automated SEM

A JEOL-JXA 50 scanning electron microscope (SEM) with a Bruker Quantax 200
EnergyDispersiveX-ray Spectroscopy (EDS) systemwas used to acquire a backscat-
tered electron image of each sample. The SEM is also equipped with a multiple
sample holder, which makes it easy to analyze multiple samples in one session. The
SEM investigation was carried out with 20 keV energy. The chemical analyses could,
therefore, be used to determine the different types of mineral phases by comparing
these compositions to those reported in the literature [4].

Stereology and point count method were used to correlate the two-dimensional
(2D) SEM elemental analysis data with three-dimensional mineral phase volume
fraction. The classical rules of stereology are a set of relationships that connect the
various measures obtained with the different probes with the structural parameters.
The most fundamental rule is that the volume fraction (VV) of a phase within the
structure is measured by the area fraction (AA) on the image, or VV = AA [2].
Another way to describe the relationship is, <PP> = VV where VV is the volume
fraction occupied by the phase being counted and the brackets around <PP> signify
the expected value for this normalized count, in this case the point fraction. For
example, if 100 points are sampled, and 50 are hematite, 35 are calcium ferrite
and 15 are glasses, then the volume fraction is estimated at 50% hematite, 35%
calcium ferrite and 15% glasses. A key aspect of point counting is in the sampling;
this criterion is realized by using a rectangular grid of points with equivalent space
between all adjacent rows and columns of points. The point count method is most
efficient when the grid spacing is such that adjacent points rarely fall within the same
feature, cell or region in the image (they are then said to be independent samples of
the structure). An advantage of this method is that when the hits produced by the
point grid are all independent, the number of hits can be used directly to estimate
the measurement precision. After the volumetric fractions were obtained from point
counting method, the mass fractions of the mineral phases were computed based on
their theoretical densities as shown in Table 2.

During the automated SEM analysis, the grid points in each field are analyzed.
Point counting method uses program logic for moving to a sample, subdividing
sample surface into fields and moving to fields, collecting field images, collecting
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Table 2 Mineral phase distinction in automated SEM [4]

Mineral phases Formula Density (g/cm3) Approx.
chemical
composition

Automated SEM

Magnetite FeO · Fe2O3 5.1–5.2 72% Fe, 28% O Fe and O signals
above threshold
value

Magnesioferrite MgO · Fe2O3 4.8–5.0 56% Fe, 32% O,
12% Mg

Mg, Fe and O
signals

Calciomagnetite (Ca, Fe)O
Fe2O3

5.2 68% Fe, 28% O,
4% Ca

Fe and O signals
with low Ca
signatures

Wustite FeO 5.9 78% Fe, 22% O Fe and O signals
close to
threshold value

Hematite Fe2O3 5.2–5.3 70% Fe, 30% O Fe and O signals
below threshold
value

Calcium ferrite CaO · 2Fe2O3 4.4–4.5 61% Fe, 30% O,
9% Ca

Fe and O signals
with high Ca
signatures

Calcium
silico-ferrite

3CaO · SiO2
· 5Fe2O3

4.0–4.3 56% Fe, 32% O,
9% Ca, 3% Si

Ca, Si, Fe and O
signals that may
contain Al

Calcium
silicates

xCaO · ySiO2 2.8–3.3 34% Ca, 24%
Si, 42% O

Ca, Si and O
signals (may be
different
according to
CaO/SiO2 ratio)

Glass SiO2 2.7 47% Si, 53% O Si and O signals

and processingEDS spectra, storing particle data, processing stopping criteria, etc.At
each point, an EDS x-ray spectrum is first collected, then its elemental composition
is quantified, and backscatter intensity is measured with long-term averaging and
finally, its mineral species is determined via classification rules. The points can
be excluded via thresholding (e.g., exclude sample mounting material). Pseudo-
geometry is stored for each point to facilitate post-analysis computation of phase
fractions, assay, deportment, etc.

Results and Discussion

Modal mineralogical results obtained by SEM-based image analysis for the two
set of sinter samples are shown in Fig. 1 and Tables 3 and 4. The most common
elements in iron ore sinter were analyzed including O, Mg, Al, Si, K, Ca, Mn and Fe.
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Sample 2-1 Sample 2-2 

Fig. 1 SEM micrographs of two iron ore sinter samples with point spectrum analyses

Elemental results obtained from each grid point were recalculated to determine the
compositions of the different phases present in the sinter samples. The results were
clustered according to the elemental analyses and the results recalculated to fit the
phases present (i.e., hematite, magnetite, calcium ferrites, calcium silicates, calcium
silico-ferrite, calcium silicates and glasses et al.). The main phase composition and
grain size of sinter samples are given in Table 5.

Most iron minerals in both sets of sinter samples are hematite/magnetite (47.10%
and 48.40%, respectively), followed by calcium ferrite/SFCA (30.80% and 26.22%,
respectively), calcium silico-ferrite (14.7% and 16.50%, respectively) and wustite
(5.86% and 7.77%, respectively). Minor iron minerals are carried by magnesioferrite
(0.05% and 0.01%, respectively), while other iron-bearing minerals are less than 1%.

The mineral phase analysis results based on the automated SEM method agreed
well with chemical analysis results on the two sets of sinter samples. The higher
mass fraction of hematite/magnetite and wustite in sample 2-2 is consistent with the
higher iron content in chemical analysis results of sample 2-2. The higher basicity
of sample 2-1 was also confirmed by more calcium ferrite/SFCA mineral phases in
sample 2-1 comparting to that of sample 2-2. The differentiation between magnetite
and hematite is primarily based on the surface characteristics of iron oxides being
measured (gray scale values, porosity and texture) and the degree of ionic substitu-
tion being encountered in the iron oxides (Mg, Ca, Al and Mn). However, detailed
calcium ferrites and SFCA classification were not easy because classifications of the
two phases were based primarily on morphological schemes rather than chemical
schemes in addition to inconsistent definitions reported on SFCAs and calcium fer-
rites [5, 6]. Particularly, the definition of SFCA and SFCA-I phases on the basis of
chemical analysis was only partially successful, with uncertainty due to limited res-
olution of data for individual point analyses and problems in direct correlation with
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Table 5 Modal mineral analysis results by automated SEM

Sample set 2-1 2-2

Size fraction −300/+3 µm −300/+3 µm

Calculated ESD particle size 28 28

Mineral mass (%) Wustite 5.86 7.77

Hematite/magnetite 42.00/5.10 42.20/6.20

Calcium ferrite/SFCA 30.80 26.22

Calcium silico-ferrite 14.70 16.50

Calcium silicates 1.09 0.76

Magnesioferrite 0.05 0.01

Glasses/silicates 0.27 0.24

Other 0.17 0.13

Total 100.00 100.00

Mean grain size by frequency
(µm)

Wustite 7 7

Hematite/magnetite 10 9

Calcium ferrite/SFCA 10 9

Calcium silico-ferrite 9 10

Calcium silicates 8 7

Magnesioferrite 8 9

Glasses/Silicates 9 9

Other 5 5

the known relationship between SFCA (low Fe, high Si) and SFCA-I (high Fe) com-
position. Further work is recommended to resolve the resolution issues in terms of
SFCA/SFCA-I phases, amorphous/glass concentration and overall magnetite/SFCA
concentration. This work should include EPMAmapping of SFCA textures to better
quantify their chemical compositions.

Conclusions

Two different sets of iron ore sinter samples were analyzed using automated SEM
method.

The present study reveals that automated SEM-based image analysis can be used
effectively to characterize major mineral phases in iron ore sinter. The results of
SEM-based image analysis also provides access to tangible data on mineral grain
size distribution, mineral association information that cannot be obtained by other
analytical tools currently available.

Acknowledgements The authors would like to thank ArcelorMittal Global R&Dmanagement for
their permission to publish this work.
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Effects of Sintering Temperature
and Time on Preparation of Refractory
Materials from Ferronickel Slag Under
Microwave Irradiation

Huimin Tang, Zhiwei Peng, Foquan Gu, Lei Yang, Ziming Liu, Quanle Leng,
Weiguang Tian, Mingjun Rao, Guanghui Li and Tao Jiang

Abstract Ferronickel slag can be used for refractory material production by sinter-
ing it with the addition of sintered magnesia in the microwave field. In this study,
the influence of microwave sintering temperature and time on the refractoriness and
mechanical properties of refractory material was assessed based on determination of
the phase transformations andmicrostructural evolutions of thematerials obtained at
different sintering temperatures and time. It was shown that a high-quality refractory
material with refractoriness of 1730 °C was obtained when the sample was sintered
at 1350 °C for 20 min. The findings can be used for developing an efficient approach
for utilization of ferronickel slag and other related industrial wastes.

Keywords Microwave sintering · Ferronickel slag · Refractory material ·
Sintering time · Sintering temperature

Introduction

Ferronickel slag is a main waste in the production of ferronickel alloy. Currently,
about 12–14 tons of ferronickel slag are obtained by smelting 1 ton of ferronickel
alloy [1]. Recently, the discharge and accumulation of ferronickel slag have increased
significantly due to the rapid development of ferronickel alloy production. Although
the annual output of ferronickel slag has exceeded 30 million tons [2], the utiliza-
tion percentage of the slag is only 8–15% [3]. The majority of ferronickel slag is
still stocked in landfill, which not only occupies a lot of farmland, but also seri-
ously pollutes soil and groundwater [4]. In order to address the problem, the authors’
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team proposed a method converting ferronickel slag into refractory material using
microwave energy as heating source [5]. Compared with conventional sintering, a
refractory material with higher refractoriness and better mechanical properties was
obtained by microwave sintering of ferronickel slag with the addition of sintered
magnesia due to the unique characteristics of microwave sintering, including vol-
umetric and selective heating as well as microwave non-thermal effect [5, 6]. In
addition, the refractory material prepared by microwave sintering had better densifi-
cation and low production cost [7] due to the shorter sintering (holding/dwell) time
(3–5 h vs. 20min) and lower sintering temperature (1500–1650 °C vs. 1350 °C) [8]. It
is well known that the sintering temperature and time may have strong effects on the
physical and mechanical properties of the resulting materials [9]. These factors must
be optimized to obtain better-quality refractory material, realizing the value-added
utilization of ferronickel slag.

The aim of this study was to determine the influence of sintering temperature and
time on the phase transformation, microstructural evolution, and properties of the
refractory material, including bulk density, compressive strength, apparent porosity,
and refractoriness. The results demonstrated that appropriate sintering temperature
and time are of significance for promoting densification and refractoriness of the
refractory material.

Experimental

Materials

The ferronickel slag used in this study was a solid waste produced by smelting of
laterite ore. Its main chemical components were SiO2 (49 wt %), MgO (31 wt %),
and FeO (7.4 wt %). According to the previous study [5], its main phase component
was olivine (Mg1.8Fe0.2SiO4). Sintered magnesia was used as an additive in sintering
to promote the formation of spinel and forsterite for achieving high refractoriness of
the resulting material [5]. It had 95 wt % MgO with the main phase of periclase.

Method

The ferronickel slag and sintered magnesia were, respectively, ground to obtain
appropriate particle size (< 74 μm). The slag was then fully mixed and milled with
a specified mass ratio of sintered magnesia (25 wt %). Subsequently, the mixture
in the presence of 5 wt % magnesium chloride solution (1.3 g/m3) was pressed
into cylindrical briquettes at 200 MPa using a briquetting machine. The briquettes
were then loaded and sintered in a vertical microwave furnace (Power: 2.5 kW,
frequency: 2.45 GHz, Hunan Huae Microwave Technology Co., Ltd., Changsha,
China) at different temperatures or for different periods of time. After cooling, the
briquettes were collected for characterization of properties.
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Characterizations

The thermal stability of ferronickel slag was determined using a thermal gravimetric
analyzer (TG-DSC, TZSCH STA449C) by measuring the thermogravimetry and
differential scanning calorimetry (TG-DSC) curves of the slag in air. The phase
compositions of the resulting materials were determined using an X-ray diffraction
spectrometer (XRD, BRUKER X’Pert PRO MPD). The microstructural changes
of the materials were determined by using a scanning electron microscope (SEM;
SIGMA Nova450) equipped with an energy-dispersive (EDS) detector. The values
of bulk density/apparent porosity, compressive strength and refractoriness of the
materials were measured according to the Chinese National Standard Test Methods
GBT 2997-2000, GBT 5072-2008, and GBT 7322-2007, respectively.

Results and Discussion

TG-DSC Analysis

The thermal stability of ferronickel slag in the range 200–1400 °C was determined
by the TG-DSC analysis, and the results are shown in Fig. 1. The TG curve presented
a weight loss in 200–500 °C and a successive weight gain in the range 500–1400 °C,
while the DSC curve showed two endothermic peaks. The first peak endothermic
appeared at about 760 °C due to the decomposition of olivine (Mg1.8Fe0.2SiO4) in the

Fig. 1 TG-DSC curves of ferronickel slag in air
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ferronickel slag into forsterite, FeO, and amorphous silica as well as to the oxidation
of FeO to Fe2O3, which resulted in the weight gain in TG curve [5]. The second
endothermic peak located at about 1300 °C, which was attributed to the formation of
liquid phase derived from the low melting phase of the refractory material (calcium
or aluminium or magnesium silicate) at high temperatures [10, 11].

X-Ray Diffraction Analysis

Figure 2 shows the XRD patterns of refractory materials obtained by microwave
sintering of ferronickel slag with addition of 25 wt % sintered magnesia at 900–
1400 °C for 20min.When the sintering temperature reached 900 °C, the main phases
were olivine, forsterite, and periclase. Increasing temperature did not change other
phases except the presence of enstatite due to the reaction between part of silica and
forsterite around 1000 °C [5]. As the temperature increased continuously to 1200 °C,
donathite (MgFe0.2Cr1.8O4) appeared due to the reaction between MgO, Cr2O3, and
Fe2O3 in the refractory material under microwave irradiation, as also revealed by the
weakening of diffraction peaks of periclase [12, 13].When the temperature continued
to rise, the diffraction peaks of forsterite became stronger while those of enstatite
and periclase weakened. It indicated that elevating temperature in this stage was

Fig. 2 XRD patterns of refractory materials obtained by microwave sintering of ferronickel slag
with addition of 25 wt % sintered magnesia at 900-1400 °C for 20 min
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Fig. 3 XRD patterns of refractory materials obtained by microwave sintering of ferronickel slag
with addition of 25 wt % sintered magnesia at 1350 °C for 0–60 min

conducive to the formation of forsterite by facilitating the reaction between enstatite
and periclase [14]. When the temperature reached 1400 °C, the diffraction peaks of
forsterite became weaker due to the grain growth caused by excessive temperature.
Therefore, 1300–1350 °C was believed to be suitable for converting ferronickel slag
to good-quality refractory material.

Figure 3 shows the XRD patterns of refractory materials obtained by microwave
sintering for 0–60 min at 1350 °C. Initially (0 min), the main phases were forsterite,
enstatite, and donathite. As the sintering time was prolonged, the main phase
remained unchanged. However, the diffraction peaks of forsterite and donathite
became intensified with simultaneous reduction of peak intensity of enstatite. It
indicated that increasing sintering time was beneficial to further transformation of
enstatite to forsterite aswell as the formation of donathite due to the complete reaction
between the raw materials. When the sintering time exceeded 20 min, the diffrac-
tion peaks of forsterite and donathite weakened. It was probably in association with
abnormal growth of grain [15–17].

Properties of the Refractory Materials

Figure 4 shows the effect of sintering temperature on the physical and mechanical
properties of the refractory material when the time was 20 min. It was found that the
properties changed in three different stages. Firstly, the bulk density of the material
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Fig. 4 Effect of temperature on the bulk density, apparent porosity, and compressive strength
of the refractory material obtained by microwave sintering of ferronickel slag with addition of
25 wt % sintered magnesia

decreased from 2.30 g/cm3 to 2.28 g/cm3 in stage I due to the reaction between part
of SiO2 and forsterite which formed enstatite in the refractory material, inhibiting
the densification of the refractory material [18]. As the temperature increased from
1000 °C to 1350 °C, the bulk density increased continuously. This was because
increasing temperature was conducive to the further formation and development of
forsterite, enhancing the densification and thereby increasing the bulk density of
the refractory material. However, the increasing rates of bulk density of the refrac-
tory material in stages II and III were distinct. In stage II, the bulk density increased
slowly.However,when the temperature exceeded 1200 °C (stage III), the bulk density
increased considerably. This was because at temperatures above 1200 °C forsterite
began to form and develop remarkably. Additionally, the change of compressive
strength was consistent with that of bulk density, which was contrary to that of appar-
ent porosity. When the temperature exceeded 1350 °C (not shown in the figure), the
sample would melt, making measurement of the mechanical properties impossible.
For this reason, too high temperature was not suitable for preparing the refractory
material.

Figure 5 shows the influence of sintering time on the physical and mechanical
properties of the refractorymaterial when the sintering temperaturewas 1350 °C. The
change of bulk density could also be divided into three stages. When the microwave
sintering time increased from 0 min to 20 min (stage 1), the bulk density of the
material increased from 2.44 g/cm3 to 2.80 g/cm3. It was because increasing sintering
time facilitated the reaction between MgO in sintered magnesia and ferronickel slag
to form forsterite, promoting the densification of the refractory material. When the
time was prolonged to 40 min (stage 2), the bulk density of the refractory material
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decreased. It was believed to be in association with two factors. Firstly, too long
sintering time led to excessive increase of grain size, which was adverse to the
mechanical performance of the refractory material. Secondly, excessive spinel was
formed, leading to the volume expansion and thus poor densification of the material.

Fig. 5 Effect of time on the bulk density, apparent porosity, and compressive strength of the
refractory material obtained by microwave sintering of ferronickel slag with addition of 25 wt %
sintered magnesia

Fig. 6 Effects of temperature and time on the refractoriness of the refractory material obtained by
microwave sintering of ferronickel slag with addition of 25 wt % sintered magnesia
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As the sintering time extended further (stage 3), the bulk density increased due to
increase of forsterite, which agreed with the XRD patterns in Fig. 3.

Figure 6 shows the effects of sintering temperature and time on the refractoriness
of the refractory materials by fixing the time of 20 min and temperature of 1350
°C, respectively. It was found that as the temperature increased from 900 °C to
1400 °C, the refractoriness first increased and then declined. It had a maximum value
of 1751 °C at sintering temperature of 1300 °C, which was due to the formation and
development of highmelting point forsterite and donathite, as well as to the reduction
of low melting point enstatite. When the temperature increased further, the grain
size of the material grew excessively, which was harmful to refractoriness [15–17].
For this reason, the refractoriness decreased slightly to 1730 °C when the sintering
temperature was 1350 °C. As the sintering time increased from 0 min to 60 min, the
refractoriness initially increased and then decreased and reached the highest value at
20 min. This was because prolonging sintering time properly promoted the reactions
in refractory materials (such as the formation and development of forsterite and
donathite), which improved the refractoriness of the refractory material. It should
be pointed out that excessive exposure of the sample to microwave would lead to
abnormal growth of grains, deteriorating the refractoriness of the material [15–17].

Conclusion

In this study, the effects of sintering temperature and time on the preparation of
refractory materials from ferronickel slag were explored by microwave sintering of
ferronickel slag in the presence of sintered magnesia. It demonstrated that appropri-
ate sintering temperature and time were not only conducive to the transformation of
low melting point enstatite into forsterite with high melting point, but also benefi-
cial to the formation and development of high melting point donathite, contributing
to excellent physical and mechanical properties of refractory materials. However,
excessive sintering temperature and too long sintering time could lead to abnor-
mal grain growth, deteriorating the performance of refractory material. When the
slag was sintered at 1350 °C for 20 min, the refractory material with bulk density
of 2.80 g/cm3, apparent porosity of 1.6%, compressive strength of 206.6 MPa and
refractoriness of 1730 °C was obtained.
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Non-isothermal Carbothermic Reduction
Kinetics of Calcium Ferrite

Gang Li, Xuewei Lv, Xuangeng Zhou, Guishang Pei and Guibao Qiu

Abstract Calcium ferrite is recognized as the ideal bonding phase with superior
strength and reducibility in the iron ore sintering process. In present study, the reduc-
tion behavior of CaO · Fe2O3 with graphite was studied by a non-isothermal method
using thermo-gravimetric analysis coupledwithmass spectrometry. The Flynn-Wall-
Ozawa method and the Škvára-Šesták method were adopted to analyze the ‘kinetics
triplet’ (activation energy, pre-exponential factor, and model function). Results indi-
cated that the reduction process did not start until 1090 K, and the reactions shifted
toward a higher temperaturewith an increase of heating rate. Themaximum reduction
degree of CaO · Fe2O3 could reach 0.93 at 1473 K. X-ray diffraction measurements
indicated that CaO · Fe2O3 was reduced to CaO and Fe with four steps (CF → CWF
→ CW3F → C2F → Fe). The apparent activation energy of CaO · Fe2O3 varied
from 543.33 to 753.10 kJ/mol. The reduction in CaO · Fe2O3 can be described by
2-D diffusion model with an integral form of G(α) = [1 − (1 − α)1/2]2.

Keywords Calcium ferrite · Carbothermic reduction · Non-isothermal kinetics ·
Activation energy · Model function

Introduction

Fluxed sinter is the main iron-containing material that charged into the blast furnace.
Iron oxide and silico-ferrite of calcium and aluminum (SFCA), the dominant iron-
containing phase and ideal bonding phase, considerably contribute to the reduction
process of fluxed sinter. The reduction behavior of calcium ferrite (CF) with CO or
H2 has been widely studied in the previous literature. Taguchi [1] clarified the reduc-
tion process of 2CaO · Fe2O3 (C2F), CaO · Fe2O3 (CF), and CaO · 2Fe2O3 (CF2)
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in CO–CO2 mixed gas under isothermal conditions. Sato [2] analyzed the reduc-
tion behavior of four synthesized calcium ferrites, 3CaO · FeO · 7Fe2O3 (C3WF7),
4CaO · FeO · 4Fe2O3 (C4WF4), CaO · FeO · Fe2O3 (CWF), and CaO · 3FeO · Fe2O3

(CW3F), with various CO–CO2 gas mixtures. Recently, Ding and Lv [3, 4] investi-
gated the isothermal reduction kinetics of powdered C2F, CF, and CF2 in 30% CO
and 70% N2 gas mixture, the reduction degree, phase transformation, and apparent
activation energy were studied; a new kinetics model based on powder samples was
also introduced for the reduction process. Similar kinetics investigations under H2

atmosphere were also performed by Ding and Lv [5].
Obviously, these reduction investigationsmainly focusedon isothermal conditions

for calcium ferrites samples, whereas rarely on non-isothermal conditions which are
more in accordance with the actual temperature characteristics in a blast furnace. In
addition, previous studies mainly paid attention to the reduction process of CF in a
gaseous environment, and the coal-based reduction of CF remains poorly understood.
Hence, the non-isothermal carbothermic reduction kinetics of CF with graphite was
investigated in this study.

Experimental

Materials and Sample Preparation

The raw materials of CaCO3 and Fe2O3 with molar ratio of 1:1 were pressed into
a cylindrical-shaped block after a mixing process. The block was heated to 1173 K
for 1 h and then roasted at 1473 K for 12 h allowing the complete formation of CF.
The entire process was performed in the air atmosphere. The sample was ground into
powder (<74 μm) for further investigations.

The purity of the sample was ensured by X-ray diffraction (XRD) [Model
D/max2500/PC (Cu–Kα)] analysis. Scanning was performed at an angular range
of 10° to 90° with a scan rate of 4°/min. The XRD patterns of sample CF and the
standard CF are shown in Fig. 1. The results show that CF samples are pure enough.

Themolar ratio between carbon in the graphite (≥99.9%purity, <74μmin particle
size) and transferable oxygen in CF sample was fixed at 1.2. Powder mixtures of CF
and graphite were uniformly mixed.

Thermo-Gravimetric Analyzer and Mass Spectrometer

The reduction tests of CFwith graphite were performed in a thermo-gravimetric ana-
lyzer (TGA, Setaram Evo TG-DTA 1750). Quadrupole mass spectrometer (TILON
LC-D200, AMETEK LLC, USA) was used to detect the off gas engendered from the
TG experiments. The mixed sample (30 mg) was heated from room temperature to
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Fig. 1 XRD patterns of sample CF

1473 K with three different heating rates () of 10, 15, and 20 K min−1 in an alumina
crucible. The mass loss was recorded until the end of the reduction.

Results and Discussion

TG and DTG Analysis

The TG and DTG curves of carbothermic reduction of CF at different heating rates
are shown in Figs. 2 and 3. It can be seen that the reduction process did not start until
1090 K, and the weight loss was 27% when the temperature reached 1473 K. Four
individual stages were gradually distinguished, and the characteristic temperatures
of each reduction stage at different heating rates are shown in Table 1.

Fig. 2 TG curves of CF
carbothermic reduction
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Fig. 3 DTG curves of CF carbothermic reduction

Table 1 Characteristic temperatures (K) of each CF reduction stage at different heating rates

β/(K min−1) I: CF → CWF II: CWF → CW3F III: CW3F → C2F IV: C2F → Fe

10 1090–1215 1215–1285 1285–1324 1324–1473

15 1091–1220 1220–1293 1293–1328 1328–1473

20 1092–1230 1230–1300 1300–1333 1333–1473

The off gas containing CO and CO2 was detected by mass spectrometer, and the
results are shown in Fig. 4. Before 1090 K corresponding to the initial temperature
of stage I, CO2 was not detected, whereafter, with the reduction process proceeding,

Fig. 4 CO2 and CO volume ratio in the carbothermic reduction
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the volume ratio of CO2 gradually increased and reached the first extreme value at
about 1190 K. Three heavily overlapped peaks can be seen in the second, broad,
and high-temperature peak of CO2, and the last peak had the highest volume ratio.
Seeing from the curve profile of CO, the accumulation of CO only occurred at a
high temperature. The volume ratio of CO gradually increased at around 1220 K
and drastically increased at around 1290 K corresponding to the initial temperature
of stage III. The dramatic increase of CO was caused by the accelerated carbon
gasification reaction.

Reduction Degree

Reduction degree (α) is defined as the mass ratio of removed oxygen at a fixed time
t to the theoretical removable oxygen combined with Fe in CF:

α = �mO

�mOmax
(1)

where �mO is the mass ratio of removed oxygen at a fixed time t, and �mOmax is the
mass ratio of theoretical removable oxygen combinedwith Fe in CF. The relationship
between weight loss of the sample and the off gas is

�m = �mCO + �mCO2 (2)

ϕ(CO2) = 44 VCO2

44 VCO2 + 28 VCO
× 100 (3)

ϕ(CO) = 28 VCO

44 VCO2 + 28VCO
× 100 (4)

where �m is the weight loss mass percent of sample, ϕ(CO2) and ϕ(CO) are the
mass percent of CO2 and CO in the evolved gas, respectively, ϕ(CO2) + ϕ(CO) =
100%, VCO2 and VCO are the volume percentage of CO2 and CO in the evolved gas.
Thus, the reduction degree is calculated as follows:

α = �mO

�mOmax
=

32
44�m × ϕ(CO2)/100 + 16

28�m × ϕ(CO)/100

�mOmax
(5)

Figure 5 shows the reduction degree of CF at different heating rates. It can be seen
that the value of reduction degree decreased with the increasing of the heating rate
at a fixed temperature. The maximum reduction degree could reach 0.93 at 1473 K.

Figure 6 shows the reduction rates ofCFwith different heating rates. The reduction
rates increased with the increasing of heating rates at a fixed temperature. According
to the peak curves, the reduction in CF contained four stages, where reduction degree
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Fig. 5 Reduction degree of CF at different heating rates

Fig. 6 Reduction rates of samples with different heating rates

lay in 0–0.08 for stage I, 0.08–0.15 for stage II, 0.15–0.45 for stage III, and 0.45–0.92
for stage IV. The phase transformation ofCF reductionwith a heating rate of 15K/min
was studied byXRD tests, and the results are shown inFig. 7. The results show that the
four progressive reduction stages of CF were CF → CWF → CW3F → C2F → Fe.
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Fig. 7 XRD patterns of the reduced CF at fixed degrees

Apparent Activation Energy

In this study, the FWO method was adopted to calculate the activation energy. The
ordinary kinetic equation is shown in Eq. (6):

dα

dt
= k(T ) f (α) (6)

where k(T ) and f (α) are the rate constant (min−1) andmodel function of the reduction
reaction, respectively. k(T ) can be given by the Arrhenius equation:

k(T ) = A exp

[−E

RT

]
(7)

where A is the pre-exponential factor (min−1), E is the apparent activation energy
(kJ/mol), and R is the gas constant [8.314 J/(mol K)]. Considering the heating rate
(dT /dt), Eq. (7) can be further expressed as follows:

dα

dT
= A

β
exp

[−E

RT

]
f (α) (8)

When the value of reduction degree changes from 0 to α and the temperature changes
from 0 to T, Eq. (8) can be transformed into the following formation:
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Fig. 8 Regression lines for various reduction degrees based on the FWO method

α∫
0

dα

f (α)
= G(α) = A

β

T∫
0

exp

[−E

RT

]
dT (9)

Thus, combining the approximation expressed by Doyle [6], the FWO method
will be obtained by the following function:

lgβ = lg

(
AE

RG(α)

)
− 2.315 − 0.4567

E

RT
(10)

Therefore, the activation energy can be obtained from the linear fitting of lg()
against 1/T based on least squares principle. Figure 8 shows the plots of lg() versus
1/T corresponding to the selected reduction degrees and the value of activation energy
at different reduction degree. Evidently, there was a good linearity between lg (β)
and 1/T.

The activation energy of CF reduction by different reductants has been calculated
in previous investigations (Table 2). Riley studied the reduction kinetics in CF by
two different chars and found lower activation energy than this study. The study of

Table 2 Activation energy of CF reduction by other studies

E(kJ/mol) Samples Reductant T/K References

70–470 CF, 43–53 μm,
powder

Illinois #6
char

1123–1223 Riley [7]

50–300 Wyodak char

20.32–86.68 CF, <74 μm,
powder

30% CO +
70% N2

1123–1223 Ding [3]

27.83–52.57 CF, <74 μm,
powder

30% H2 +
70% N2

1123–1223 Ding [5]

543.33–753.10 CF, <74 μm,
powder

Graphite 10–20 K/min → 1473 Present study
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Ding reflected the gas–solid reaction of CO/H2–CF without the coupling of carbon
solution loss reaction, which may be the reason for much lower activation energy
than this study.

Model Function

Table 3 shows the most commonly used differential and integral expressions of
mechanism functions. In present study, the Škvára-Šesták method [8] was adopted
to determine the most probable mechanism function, which is given by

lgG(α) = lg
AES

Rβ
− 2.315 − 0.4567

ES

RT
(11)

where Es is the activation energy estimated by the linear least squares plot of lgG(α)
versus 1/T. The model function can be determined by the linear relationship between
lgG(α) and 1/T. If one G(α) gives the greatest linearity relationship of the straight

Table 3 Differential and integral expressions of common reaction mechanism functions [9, 10]

Symbol Mechanism G(α) f (α)

D1 1-D diffusion α2 1/2α−1

D2 2-D diffusion (Valensi) α + (1 − α)ln(1 − α) [−ln(1 − α)]−1

D3 2-D diffusion (Jander) [1 − (1 − α)1/2]2 (1 − α)1/2[1 − (1 −
α)1/2]−1

D4 3-D diffusion (G-B) 1 − 2/3α − (1 − α)2/3 3/2[(1 − α)−1/3 − 1]−1

D5 3-D diffusion (Z-L-T) [(1 − α)−1/3 − 1]2 3/2(1 − α)4/3[(1 − α)−1/3

− 1]−1

A2 Random nucleation and
nuclei growth

[−ln(1 − α)]1/2 2(1 − α) [−ln(1 − α)]1/2

A3 Random nucleation and
nuclei growth

[−ln(1 − α)]1/3 3(1 − α) [−ln(1 − α)]1/3

A4 Random nucleation and
nuclei growth

[−ln(1 − α)]1/4 4(1 − α) [−ln(1 − α)]1/4

C1 Reaction order (n = 2) (1 − α)−1 − 1 (1 − α)2

C2 Reaction order (n = 3/2) (1 − α)−1/2 2(1 − α)3/2

C3 Reaction order (n = 3) (1 − α)−2 1/2(1 − α)3

R2 2-D phase boundary
reaction

1 − (1 − α)1/2 2(1 − α)1/2

R3 3-D phase boundary
reaction

1 − (1 − α)1/3 3(1 − α)2/3
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Table 4 Calculated mechanism functions of CF reduction based on the Škvára-Šesták method

Heating rate (K/min) D2 model D3 model

Es (kJ/mol) lgA R2 Es (kJ/mol) lgA R2

10 593.31 22.15 0.974 624.94 23.19 0.973

15 585.09 21.87 0.967 616.46 22.89 0.967

20 600.36 22.48 0.969 632.83 23.54 0.970

line fitting, meanwhile the Es is approximately equal to the activation energy (E)
obtained by the FWO method; this G(α) is exactly the model function which can
describe the reaction process. Subsequently, the corresponding parameters of A can
be calculated by the intercept of the linear fitting.

The mechanism function of CF at different heating rates is shown in Table 4.
It can be distinguished that the value of Es for D3 model was closer to the value
of E calculated by the FWO method compared with the D2 model. Therefore, D3

model with an equation of f (α) = (1 − α)1/2[1 − (1 − α)1/2]−1 is the most suitable
mechanism function to describe CF carbothermic reduction.

Conclusions

The non-isothermal reduction kinetics of CF with graphite heated from room tem-
perature to 1473 K was investigated through TG-MS analysis. The conclusions are
summarized as follows:

(1) The reduction process of CF initiated at 1090 K, and the weight loss was 27%
when the temperature reached 1473 K.

(2) X-Ray diffraction measurements at various stages revealed that the reduction in
CF can be divided into four steps that is CF → CWF → CW3F → C2F → Fe.

(3) The activation energy ofCF obtained by the FWOmethod and the Škvára-Šesták
method varied from 543.33 to 753.10 kJ/mol and 616.46 to 632.83 kJ/mol,
respectively.

(4) Škvára-Šesták methods indicated that CF reduction was described by a 2-D
diffusion model, with an integral form of G(α) = [1 − (1 − α)1/2]2.
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Gasificating Dephosphorization During
the Carbothermic Reduction of Medium
Phosphorus Iron Ore Concentrate
in the Presence of Na2CO3 and SiO2

Jing Zhang, Guoping Luo, Yanbiao Chen, Wenbin Xin and Jianguo Zhu

Abstract To relieve the increasing lack of high-quality iron ore, the medium and
high phosphorus refractory mineral resources are being developed worldwide due
to the rich storage. The novel method of pre-reducing sinter process was applied
to remove phosphorus, characterized by reduced atmosphere, high temperature, and
negative pressure. For medium phosphorus Bayan Obo iron ore concentrate, the
effect of the carbon mixing ratio, reduction temperature, and time on phosphorous
gasification and iron metallization during carbothermic reduction was investigated
using XRD, FESEM-EDS, and FactSage software, in the presence of Na2CO3 and
SiO2. The optimal carbothermic reduction is conducted at 1050 °C for 60 min with
20 wt% carbon mixing ratio. The corresponding gasificating dephosphorization and
iron metallization are 31% and 96%, respectively. Moreover, the further increased
carbonmixing ratio and reduction temperature causes the large absorption of reduced
phosphorus gas into metallic iron. Notably, the above result provides data support
for pre-reducing sinter process.

Keywords Bayan Obo iron ore concentrate · Carbothermic reduction · Phosphorus
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Introduction

As the lacking of high-quality iron ore is increasingly serious, the refractory mineral
resourceswithmediumandhigh content of phosphorus are progressively investigated
due to the rich storage [1–3]. However, almost all the phosphorus will enter into hot
metal during ironmaking process, which leads to the high phosphorus content in
liquid iron and steelmaking slag. Therefore, it is essential to remove phosphorus of
rawmaterials to decrease the dephosphorization burden in the production of iron and
steel [4, 5].

The conventional physical and chemical methods of dephosphorization, such as
magnetic separation [6], flotation separation [7], gravity separation [8], gas-based
reduction [9], microwave [10], and leaching [11], tend to be out of large industrial
application due to the unsatisfactory performance, great pollution, and high consump-
tion. Besides, the carbothermic reduction process followed by mechanical grinding
+ screening or grinding+magnetic separation accounts for a better dephosphoriza-
tion and iron metallization whereas the difficulty lies in controlling an appropriate
intensity of grinding and magnetic field, coupled with the increased cost of external
operation [12, 13]. In view of these issues, the novel method of pre-reducing sinter
process characterized by reduced atmosphere, high temperature, and negative pres-
sure was applied to remove phosphorus, providing beneficially thermodynamic and
kinetic condition for gasificating dephosphorization. For thismethod, the phosphorus
migration into gas phase is encouraged and the restriction factor that affects the phos-
phorus gasification is the large absorption of reduced phosphorus into metallic iron
[14, 15]. Therefore, effects of the carbon mixing ratio, reduction temperature, and
time on gasificating dephosphorization and iron metallization during carbothermic
reduction process were conducted on the medium phosphorus iron ore concentrate
to reveal the mechanism of phosphorus removal via gasification and to optimize the
parameter of dephosphorization.

Materials and Experimental Methods

Materials

The medium phosphorus iron ore concentrate (hereafter referred as iron ore concen-
trate) used in this work was provided by the Bayan Obo iron ore in Baotou, China.
The main chemical composition is listed in Table 1. According to our previous study

Table 1 Main chemical composition of iron ore concentrate (mass fraction, mass%)

Fetotal CaO SiO2 MgO Al2O3 K2O Na2O F S P

63.00 1.58 5.28 0.83 0.50 0.14 0.23 0.52 1.80 0.08
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Table 2 Chemical composition of coke (mass fraction, mass%)

Fixed carbon Ash Volatile matter S CaO SiO2 Al2O3 P

86.84 11.90 1.21 0.96 0.74 6.77 2.67 0.097

on existing status of phosphorus and iron in Bayan Obo iron ore concentrate, the
phosphorus containing minerals are mainly apatite including fluorapatite and the
iron containing minerals is composed by magnetite and a small quantity of hematite.

Coke was used as the reductant and its composition is listed in Table 2.
The analytical reagent grade (>99.8 mass%) of sodium carbonate and silica were

used as dephosphorization agent in the carbothermic reduction process.

Experimental Methods

The iron ore concentrate and coke were crushed and ground to pass through a 200
mesh screen and then mixed with 1 mass% Na2CO3, 3 mass% SiO2, 8 mass% water.
The 5 g mixture was compressed into tablet with a diameter of 20 mm, using a
pressure of 5 MPa for 2 min. Tablets were dried in a drying oven at 105 °C for 4 h.
The reduction roasting was conducted in a graphite tube resistance furnace under
vacuum condition with a negative pressure of 0.9 atm. The prepared tablets were
heated from room temperature to reaction temperature at 15 °C/min and then held
for different reduction time. Finally, the roasted tablets were taken out from the
furnace and cooled to room temperature.

FactSage software 7.0 was applied to calculate the phase composition at
equilibrium under different condition of carbothermic reduction.

The powder of tablets after roasting reduction was prepared to measure phase
composition by using X-ray diffraction (XRD, Rigaku, MiniFlex600, Japan) with
a Cu Kα X-ray source. The scanning angle 2θ is in the range of 10°–90° and the
step size is 0.02°. Besides, the used voltage and current were 40 kV and 15 mA,
respectively.

The reduced tablets embedded in epoxy resin were prepared to observe the
microstructure and analyze the composition of metallic iron and gangue min-
erals, using field emission scanning electron microscope in conjunction with
energy dispersive spectroscope (FESEM-EDS, Zeiss Sigma 500, Germany; Bruker,
Germany).

Evaluation Indexes

Gasificating dephosphorization and iron metallization of the reduced tablets were
calculated using Eqs. (1) and (2).
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η = (1− m1 p1
m0 p0

) × 100% (1)

M = δ

α
× 100% (2)

where η is the gasificating dephosphorization of total reduction process, %; m0 and
m1 are the weight of dried tablet and reduced tablet, respectively, g; p0 and p1 is
the phosphorus content of dried tablet and reduced tablet, respectively, mass%;M is
the iron metallization of reduced tablet, %; δ is the metallic iron content of reduced
tablet, mass%; and α is the total iron grade of reduced tablet, mass%.

Results and Discussion

Effect of the Carbon Mixing Ratio on Gasificating
Dephosphorization and Iron Metallization

The prepared tablets composed by different content of coke ranging from 5mass% to
25 mass% with an interval of 5 mass%, 1 mass% sodium carbonate, 3 mass% silica,
8 mass% water, and the balanced iron ore concentrate were reduced at 1050 °C for
60 min. The effect of the carbon mixing ratio on gasificating dephosphorization and
iron metallization is presented in Fig. 1a. As the carbon mixing ratio increases from
5 mass% to 25 mass%, the gasificating dephosphorization first increases from 1% to
31% and then decreases to 11%. For iron metallization, it also first increases from
82 to 96% and then decreases to 85%. The maximum value for the above items is
obtained with the carbon mixing ratio of 20 mass%.

The phase composition of the carbothermic reduction at equilibrium with differ-
ent carbon mixing ratio calculated by FactSage software is shown in Fig. 2. From
Fig. 2a and d, it is evident that the iron oxides are mainly progressively reduced to
FeO coupled with a small amount of metallic iron. The reduced FeO easily combines
with SiO2 and forms fayalite. Besides, the reduction of iron oxide is in preference to
that of apatite and little apatite has been reduced with the carbon mixing ratio of 5
mass%. Thus, the formation of phosphorus gas and FexP is really unobvious. When
the carbon mixing ratio increases to 20 mass% (shown in Fig. 2b and e), the iron
oxide is basically reduced to metallic iron which transformed to Fe3C because of car-
burization. Meanwhile, the quantity of apatite is evidently decreased accompanying
the formation of the phosphorus gas and FexP.With the carbonmixing ratio increases
to 25 mass%, the apatite is further reduced coupled with the remarkable decreased
quantity of the phosphorus gas and the increased amount of FexP, as shown in Figs. 2c
and f. It should be noted that the reduced phosphorus gas tends to be absorbed into
the metallic iron and promotes the formation of FexP. Therefore, the larger amount
of apatite is reduced as the carbon mixing ratio increases from 20 mass% to 25
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Fig. 1 Effect of the carbon mixing ratio (a), reduction temperature (b), and reduction time (c) on
gasificating dephosphorization and iron metallization of iron ore concentrate

Fig. 2 Phase composition of carbothermic reduction at equilibrium with different carbon mixing
ratio calculated by FactSage software: a and d 5 mass%; b and e 20 mass%; c and f 25 mass%
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mass% whereas the quantity of phosphorus gas is decreased as well as the value of
gasificating dephosphorization.

To further investigate the minerals evolution of iron ore concentrate during car-
bothermic reduction process, XRD patterns with different carbon mixing ratio are
shown in Fig. 3a. It is obvious that apatite, wustitie, and metallic iron are observed
in the reduced tablets with 5 mass% and 10 mass% carbon mixing ratio, which sug-
gests that a portion of FeO and apatite has not been reduced. The diffraction peak of
FeO and apatite is disappeared and the intensity of metallic iron is increased as the
carbon mixing ratio increases to 15 mass%. When the carbon mixing ratio reaches
20 mass% and 25 mass%, the intensity of metallic iron is decreased and the peak of
Fe3C phase appears because of carburization.

As the phase of FexP is not detected in XRD pattern due to the low content of
phosphorus in iron ore concentrate, SEM-EDS analysis of the roasted tablets with
different carbon mixing ratio has been conducted, as shown in Fig. 4. It is exhibited
that the metallic iron with white grey contrast and gangue minerals in dark grey are
associated closely. From Fig. 4a, the EDS maps of Ca and P are totally overlapped
indicating that a rather large portion of apatite has not been reduced with carbon

Fig. 3 XRD patterns of iron ore concentrate reduced with different carbon mixing ratio (a),
reduction temperature (b), and reduction time (c) (B–Ca2SiO4; I–Fe; M–SiO2; P–Na2CaSi5O12;
V-Carbon; W-Fe3O4; X-Ca3(PO4)2; Y-FeO; Z-Fe3C)
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Fig. 4 Typical SEM images and EDS maps of iron concentrate ore reduced with different carbon
mixing ratio at 1050 °C for 60 min: a 5 mass%; b 15 mass%; c 20 mass%

mixing ratio of 5 mass%. When it increases to 15 mass% and 20 mass% shown in
Figs. 4b and c, the more and more areas of EDS map of P element are overlapped
with that of Fe. The reason is that the apatite has been reduced under the condition
of more carbon and a part of phosphorus gas has entered into the reduced iron phase,
resulting in the formation of FexP. According to the EDS analysis of Point A-C in
metallic iron, the content of carbon and phosphorus in iron phase is increased as the
carbon mixing ratio increases due to the carburization and absorption of phosphorus
into metallic iron.

From the abovementioned analysis, the increased carbon mixing ratio varying
from 5 mass% to 20 mass% brings about the reduction of apatite and enhances
gasificating dephosphorization. As the carbon mixing ratio further increases to 25
mass%, the reduced phosphorus gas obviously migrates to metallic iron which is
directly related to the accelerated carburization. Thus, the optimum carbon mixing
ratio is chosen to be 20 mass%.
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Effect of Reduction Temperature on Gasificating
Dephosphorization and Iron Metallization

The prepared tablets composed by 20 mass% coke, 1 mass% sodium carbonate, 3
mass% silica, 8 mass% water, and the balanced iron ore concentrate were reduced
at temperature ranging from 600 to 1200 °C with an interval of 150 °C for 60 min.
The effect of reduction temperature on gasificating dephosphorization and iron met-
allization is presented in Fig. 1(b). As the reduction temperature elevates from 600
to 1200 °C, the dephosphorization first increases from 9 to 31% and then decreases
to 22%. For iron metallization, it also first increases from 4 to 96% and then slightly
decreases to 94%. It is evident that the optimal reduction temperature is 1050 °C.

Under the condition of different reduction temperature, the phase transformation
of iron ore concentrate after reduction was analyzed and the XRD patterns, SEM
images, and EDS maps are shown in Figs. 3b and 5.

As can be seen in Fig. 3b, magnetite, apatite, silica, and carbon are observed in
the reduced tablets roasted at 600 and 750 °C. That is to say, the main reduction of
iron and phosphorus containing minerals is not happened at the temperature lower
than 750 °C. When the reduction temperature increases to 900 °C, the diffraction
peak of wustitie, metallic iron, and cementite appears, indicating that FeO has not

Fig. 5 Typical SEM images and EDS maps of iron ore concentrate reduced at different reaction
temperature for 60 min: a 900 °C; b 1050 °C; c 1200 °C
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been completely reduced and was existed in the single phase. With the reduction
temperature further increasing to 1050 and 1200 °C, the diffraction intensity of
metallic iron first increases and then decreases obviously caused by the aggravated
carburization.

SEM images and EDSmaps of the reduced tablets roasted at different temperature
are illustrated in Fig. 5.As shown in Fig. 5a, the element P is distributedwith elements
Ca and Fe at 900 °C. Meanwhile, a portion of iron oxide is still existed as shown
in EDS spectrum of Point D. When the temperature reaches 1050 and 1200 °C, the
reduced iron phase is tightly surrounded by gangue minerals, which is shown in
Figs. 5b and c. The overlapped area of P and Fe is remarkably increased with the
elevated temperature. Moreover, the EDS maps of P and Fe have nearly the same
distribution character at 1200 °C, suggesting that a large amount of the reduced
phosphorus gas has been absorbed by metallic iron. In addition, the phosphorus
content is obviously increased with the increase of reduction temperature from EDS
spectrums of Point D, E, and F.

Above all, increasing the reduction temperature tends to accelerate the phosphorus
gasification because the reduction of apatite is endothermic reaction. However, the
absorption of the reduced phosphorus gas into metallic iron would also be strongly
aggravated when the reduction temperature exceeds 1050 °C, which leads to the
sharp decrease of dephosphorization.

Effect of Reduction Time on Gasificating Dephosphorization
and Iron Metallization

The prepared tablets composed by 20 mass% coke, 1 mass% sodium carbonate, 3
mass% silica, 8 mass% water, and the balanced iron ore concentrate were reduced
at 1050 °C for different time ranging from 20 min to 60 min with an interval of
10 min. The effect of reduction time on gasificating dephosphorization and iron
metallization is presented in Fig. 1c. As reduction time extends from 20 min to
60 min, the gasificating dephosphorization and iron metallization increase from 13%
to 31% and 92% to 96%, respectively. Themaximum value is acquired when the time
arrives to 60 min.

TheXRDpatterns showing phase composition of the reduced tabletswith different
reduction time are basically the similar, as seen in Fig. 3c. Meanwhile, the diffraction
peak of Fe3C appears when the reduction time exceeds 20 min and its intensity is
continually strengthened as the reduction time increases.

As the reduction of iron oxides is prior to that of apatite, the longer reduction time
promotes a larger amount of phosphorus containing minerals transforming into the
reduced phosphorus gas, consequently enhancing the gasificating dephosphorization.
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Conclusions

The gasificating dephosphorization during the carthermic reduction process of
medium phosphorus iron ore concentrate in the presence of sodium carbonate and
silica was investigated in this work. The main conclusions are as follows:

(1) Increasing the carbon mixing ratio from 5 mass% to 20 mass% results in
phosphorus migrating from gangue minerals into gas phases and consequently
improves dephosphorization.Whereas the carbonmixing ratio further increases,
it will accelerate the reduced phosphorus gas being absorbed into iron phase,
which yields the phosphorus gasification.

(2) When reduction temperature elevates from 600 to 1050 °C, the gasificating
dephosphorization increases because the reduction of apatite is endothermic
reaction. However, the reduced phosphorus gas easily moves into metallic iron
as the reduction temperature is higher than 1050 °C, and finally, decreases the
gasificating dephosphorization.

(3) An increase of reduction time from 20 to 60 min promotes a larger amount of
phosphorus transforming into reduced gas and increases the dephosphorization.

(4) The optimal carbothermic reduction is carried out at 1050 °C for 60 min with 20
mass% carbon mixing ratio and the corresponding gasificating dephosphoriza-
tion and iron metallization are 31% and 96%, respectively. The experimental
result combined with the FactSage calculation would provide data support for
pre-reducing sinter process.
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Trends in Characterization
and Beneficiation of Non-ferrous
Metallic Ores in Nigeria

Furqan Abdulfattah, Ibrahim A. Rafukka and Sunusi M. Manladan

Abstract Nigeria a nation adequate blessed with large deposit of non-ferrous metal-
lic oreswhich are yet to be fully harnessed, characterized, and beneficiated due to lack
of sufficient studies and technology. The non-ferrous metallic ores found in Nigeria
include lead-zinc ore, tin ore (Cassiterite), niobium ore, uranium ore, and precious
metals such as (Gold and Silver). This article focuses on trends in previous works
on characterization and beneficiation of some non-ferrous metallic ores deposits,
showing the mineral, elemental contents, and the amount present in a particular ore.
Knowledge gap in the field of study was identified to enable further research on non-
ferrous metallic ore characterization and beneficiation of yet to be characterized and
beneficiated non-ferrous metallic ore which include; columbite, cassiterite, tantalite,
chalcopyrite, gold, niobium ore, etc. Also, in-depth and further studies be done on
lead-zinc ore, which is the most characterized and beneficiated non-ferrous metallic
ore in Nigeria.

Keywords Lead-zinc ore · Tin ore · Characterization · Beneficiation ·
Non-ferrous ·Metallic ores

Introduction

Nigeria is a country adequately blessed with solid minerals ranging from coal to iron
ore, galena, cassiterite, chalcopyrite, gold, etc., which spread across all regions of the
country harnessing these minerals adequately and properly will boost the nation’s
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gross domestic product (GDP). A nation like Nigeria can overcome its present eco-
nomic challenges if attention is directed towards the solid mineral industries. Most
of the minerals found in Nigeria still remain unexploited or under explored due to
inadequate knowledge on their status, economic viability, and requisite mining tech-
nologies. Importing non-ferrous metallic products such as lead, zinc, tin, columbite,
manganese, copper, etc., from other countries is costly. Nigeria’s potential of mineral
resources could increase employment opportunity in the country.

This study is aimed at bringing together work done and literatures, on character-
ization of non-ferrous metallic ores deposits around the country. In order to identify
possible gap in non-ferrous metallic ore characterization and beneficiation to give
possible directions on further works and researches to be done in the area of study.

Lead-Zinc Ore

There are more than 60 known lead-containing minerals but the most important pri-
mary ore of the metal is the lead sulphide, galena [1]. Galena (PbS) often contains
silver, zinc, copper, gold, cadmium, bismuth, arsenic, and antimony. Other com-
mercially significant lead-containing minerals are cerussite (PbCO3) and anglesite
(PbSO4). These are known as secondary minerals because they are derived from
galena through natural actions, such as weathering [1].

Galena is very widely distributed, and has up to 86.6% Pb, with a specific gravity
of 7.4–7.6. It occurs in veins, often with sphalerite, pyrite, chalcopyrite, tetrahedrite,
and gangue minerals such as quartz, calcite, dolomite, barite, and fluoride. It is also
found in pegmatites, and as replacement bodies in limestone and dolomite rocks,
with garnets, feldspar, diopside, rhodonite, and biotide. Galena often contains up to
0.5% silver and is important source of the metal [1].

Lead-zinc ore deposits abound in Nigeria. It is estimated that, there are at least
30 lodes of lead-zinc with an aggregate length of about 6000 m [2]. The lodes cover
over 560 km in a narrow belt from Adun in Cross River State through Ishiagu in Imo
State and Abakaliki in Ebonyi State, to Arufu in Taraba State to Wase and Zurak
in Plateau State and Gwona in Bauchi State [3]. Other deposits are located in Abia,
Adamawa, Bauchi, Benue, Enugu, and Nassarawa. The total estimated reserve is
20,000 million tons has seen in Table 1 [4, 5].

Copper Ore

Copper occurs as native copper or inminerals such as the copper sulphides: chalcopy-
rite (CuFeS2); and chalcocite (copper glance or copper sulphide) (Cu2S); covellite
(CuS); bornite (Cu5FeS4); enargite (Cu3AsS4); tetrahedrite [(CuFe)12Sb4S13]; cop-
per carbonates: azurite or basic copper carbonate (Cu2(OH)2CO3); and malachite
(Cu2CO3); copper(I) oxide: mineral cuprite or copper oxide (Cu2O); chrysocolla
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Table 1 Lead-zinc ore deposits in Nigeria

S/No. State Location LGA Reserve (tons)

1. Ebonyi Ishiagu Ivo 1,040,000

Abakaliki Abakaliki 450,000

Ameri

Ameka

2. Enugu Enyigba Umulopa Na

Nyeba

3. Plateau Wase Wase Na

Zurak

4. Nasarawa Akwanga Akwanga

5. Cross River Arufu zone Akamkpa 150,000

Adua

Oban

Source RMRDC, 2004 in Technical Brief on Minerals in Nigeria-Lead/Zinc

Table 2 Nigerian copper ore
deposits and their locations

S/No. State Location Reserve (tons)

1. Nasarawa Akiri Inferred

Azara
Rafin Gabas

Inferred
Inferred

2. Bauchi Nahuta
Yelwa Rishi

Inferred
Inferred

3. Zamfara Anka Inferred

4. Kano State Zarara Hill Inferred

5. Ebonyi State Ishiagu Inferred

(CuSiO3). Most copper is mined or extracted as copper sulphides from large open
pit mines in porphyry copper deposits that contain 0.4 to 1.0% copper.

Chalcopyrite is the most commonmineral found in porphyry-type deposits, while
chalcocite occurs predominantly in hydrothermal veins [1, 6]. Chalcopyrite is the
copper ore deposit of Falum, Sweden of Namagaland in South Africa. However, vast
crystals or deposits occur in Ishiagu, Ebonyi State; South Eastern region of Nigeria.
High great chalcopyrite deposit can also be found in Baluba, East of Lusaka, Zambia
[7]. Nigerian copper ore is mostly found as complex ore alongside zinc and lead [6].
Copper ore deposit around Nigeria could be described in the Table 2 [8].
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Cassiterite (Tin Ore)

Prior to the discovery of oil in Nigeria, the major revenue and source of foreign
exchange for the country was from tin mining operation. From the geological evi-
dence, there are extensive cassiterite deposits lies buried under basalt and volcanic
flows particularly in Plateau, Bauchi, Nassarawa, FCT, Kano, Kaduna, Kwara, Kogi,
Ondo, and Osun States. The most important tin mineral is cassiterite (SnO2) [9].
Cassiterite is the only tin mineral that is in sufficient abundance in the earth’s crust to
have any commercial value.When chemically pure, which is rare, cassiterite contains
78.6 percent tin but, when contaminated with impurities such as quartz, muscovite,
wolframite, tourmaline, topaz, fluorite, scheelite, lepidolite, arsenopyrite, bismuth,
and molybdenite, the tin content varies between 73 and 75 percent [10]. It belongs
to rutile group of minerals. Cassiterite is mainly found in two types of deposits.
First type, it occurs as a primary accessory constituent of certain late-stage granitic
intrusions, and is found in veins (In medium- to high-temperature hydrothermal) and
fissures both in the granite (greisens) and surrounding country rock. The second type
of deposit is of a secondary origin and occurs as alluvial or placer (granite pegmatite,
rhyolite; rarely in contact metamorphic) and detrital deposits [11]. The principal
ore of tin deposits are widespread across the world. It is obvious from the physical
characteristics of cassiterite that its 22 high relative density in relation to its gangue
constituents makes it an ideal mineral for the application of gravity-separation tech-
niques. Unfortunately, it’s relative hardness approximately equal to that of steel—is
accompanied by the unfortunate quality of extreme brittleness.

Trends in Characterization and Beneficiation Non-ferrous
Metallic Ores

Copper Ore

Damisa, examined Nahuta lead-zinc-Copper complex ore has 5.2% copper. Hence,
there is need for the ore to be explored and beneficiated for its copper mineral [6].
Oyeladun et al. worked on the determination of chemical composition andwork index
of Rafin Gabas chalcopyrite ore. They reported that the ore contains 12.6% Cu and
has a work index of 22.38 kWh/tonne [12]. Abubakre et al. worked on chemical and
mineralogical analysis of Akiri copper ore and established that the ore contains 2.5%
Cu in form of malachite [13]. Jatau et al. worked on the physico-chemical properties
of Agwada chalcopyrite ore and established that the ore contains 4.62% Cu [14]. Ali
et al. worked on the determination of liberation size of Agwada chalcopyrite ore and
established that the liberation size of the ore to be 125 µm having the highest assay
of 8.17% Cu [15]. Oyeladun worked on charaterization of azara Copper ore deposit
and discovered that the ore contains 3.30% Cu [8]. However, from some of these
works carried out on some Nigeria copper ore deposits, it is clear that some of the
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Nigeria copper ore deposits with geochemical history are mineable and profitable
as their percent copper cut-off grades are slightly above the specific cut-off grade of
0.4–1.0% Cu [8, 16].

Lead-Zinc Ore

Olanipekun worked on quantitative leaching of Abakaliki galena and discovered
that it contains 85.20% Pb, 1.03% Zn, 0.48% Fe, 13.90% S, and 0.02% Cu [17].
Olubambi et al. worked on mineralogical characterization of Ishiagu sulphide ore
and discovered that the ore contains siderite, sphalerite, galena, quartz, and traces
of pyrite, and copper bearing minerals [18]. Damisa worked on the process design
for the beneficiation of Nahuta lead deposit in Bauchi State. He concluded that the
major economic minerals present in Nahuta deposit are lead and copper in the forms
of galena (PbS) and covellite (CuS); that bulk floatation followed by differential
floatation is best to achieve high recovery in the beneficiation of the ore [6]. Masok
worked on characterization and beneficiation of Zurak lead-zinc ore deposit using
X-ray fluorescence revealed that the run-of-mine ore contained 6.33% Pb and 4.65%
Zn on the average, which meets the typical standard feed grades of 1–5% Pb and 1–
10% Zn usually required for mining lead-zinc ore. While the mineralogical analysis
using X-ray diffraction technique revealed that the ore contained 7.11% galena (PbS)
and7.51%sphalerite (ZnS) as themajor valuableminerals; 3.04%magnetite (Fe3O4),
1.5% rutile (TiO2) as minor minerals; and 65.65% quartz (SiO2) as the main gangue
[5]. Obassi et al. worked on liberation size and beneficiation of Enyigba lead ore,
Ebonyi State [19]. Alabi et al. worked on Abuni galena-sphalerite-azurite complex
ore by selective froth floatation. They discovered that the complex ore contains
18.17% PbO, 17.23% ZnO, and 4.46% CuO for the XRF result, while the XRD
analysis showed that the complex ore contains galena 14.53%, sphalerite 13.82%,
and azurite 3.58% by weight [20]. Alabi et al. worked on zinc ore from Gumau-Toro
town and discovered that the ore contains 20.20% zinc, 66.72% SiO2, 2.36% lead,
16.62% iron, and 0.001% Silver [21]. Alabi et al. worked on Lead in Sabon-Layi,
Alkaleri local government, Bauchi State Lead-Zinc Ore deposit. Chemical analysis
of the composition reveals that this crude ore contains 38.76%Lead and other related
minerals such as 29% silica, 22.80% sulphur, 2.76% zinc, 4.17% CaO and others
in traces; these related minerals are gangues that hinder the appreciation of the lead
grade found in this ore [22]. Nnanwube et al. worked on a Nigerian galena and
results of the elemental composition by X-ray fluorescence technique showed that
the galena mineral exists mainly as PbS with metals such as Na, Mg, Al, Ca, Fe, and
Zn occurring as minor elements, and K, Cr, and Sr as traces. The elemental analysis
gave Pb (60.01%), S (14.66%), Fe (4.32%), Na (3.78%), Si (7.69%), Mg (1.21%), Al
(1.94%), P (1.37%), Cl (1.19%), K (0.09%), Ca (1.99%), Cr (0.01%), Mn (0.49%),
Zn (1.22%), and Sr (0.04%) [23].
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Tin Ore

Kinniard et al. worked on mineralogy, geochemistry, and mineralization of Riruwai
complex ore. Where the ore mineralogy confirms the paragenetic columbite
(pyrochlore)-cassiterite-sphalerite evolution [24]. Ogwuegbu et al. worked on min-
eralogical characterization of Kuru cassiterite ore and discovered from the inductive
coupled plasma–optical emission spectrometry the elemental analysis as follows;
Sn (28.0%), Si (5.5%), Fe (5.16%), Ti (3.51%), Al (2.48%), Y (1.06%), and Nb
(2.53%). The other trace elements found include Mn, K, Na, Mg, La, Ce, U, and Ca
[25]. Thomas and Yaro worked on characterization of Haita-Vom Cassiterite deposit
and discovered from the X-Ray Fluorescence (XRF) Analysis that the Ore contains
17.37% Sn, 10.42% Ca, 7.05% Ti, 3.71% Ti, as the major elements, 0.27% Cr and
0.10% Nb [26]. Abere et al. worked on comparative study of Kuru-Jantar cassiterite
mining methods and discovered that the XRF analysis gave 66.462% Sn, 40.4% Nb;
26.5% Fe; 22.3% Ti; 2.5% Ta; 2.3% Sn; and 5.1%W for the paddock mining method
and 68.69% Sn, 37.6% Nb; 24.8% Fe; 21.5% Ti; 2.3% Ta; 5.8% Sn; and 4.9% W
for lotto mining method [27]. Abere et al. worked on upgrading of Kudedu cassi-
terite deposit. They discovered with ED-XRFS analysis of the crude ore that the ore
contains 15.75% SnO2 with other associated minerals in different proportions [28].

Gold

Ajayi worked on mineralogical studies of gold ore of Ilesha area discovered particle
size analysis that most of the gold is contained in fine particles size of −600 µm
+300 µm to −75 µm. The trend is that the gold content of the ore increases with
decrease in particle size [29]. Danbatta et al. worked on geochemistry if gold deposit
in Anka Schist belt (ASB) and submitted that the study has confirmed the gold occur-
rences of ASB, as well as their overall mineralogical and chemical characteristics
[30]. The geochemical characterization of the ASB gold mineralization suggests a
metamorphic origin for the goldmineralizing fluidwhichwas generated and expelled
during late brittle movements along the Anka fault, in line with those of [31–33]. A
similar model was proposed by [34, 35] to explain the metamorphic origin of the Au-
mineralizing fluids at BinYauri (Zuru schist Belt) and TsofonBirninGwari (Kushaka
Schist Belt). This is also similar to what has been reported from many other areas
of gold mineralization in the country and the world [30]. Ramadan and Abdelfattah
worked on characterization of goldmineralization inGarinHawal area, the geochem-
ical studies indicate that the gold content reaches 8 g/t in the alteration zones, while
it reaches up to 35 g/t in the quartz veins. Mineralogical studies indicate that the
alterations are strongly potassium enriched. Pyrophyllite, kaolinite, illite, gypsum,
and quartz also occur. The main ore minerals are gold, chalcopyrite, arsenopyrite,
pyrite, galena, and iron oxides [36]. Ogundare et al. worked on Itagunmodi gold ore
and the SEM shows that the morphology of the particles of gold ore from Itagunmodi
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deposit is in trihedron shapes, while the morphology of gold extracted from the gold
ore is in tetrahedron and hexahedron shapes. The average particle size of the gold ore
was evaluated statistically to be 106µm,while that of the gold extracted was found to
be 412 µm. The particles size distribution revealed that the gold extracted had better
homogeneity than that of the gold ore [37]. Ayodele et al. carried out geochemical
analysis (XRF) on the bedrocks of Okemesi (Ajindo), and the mineralization shows
gold with concentration values of 10–0.05 ppm. This prompted the investigation for
confirmation of gold mineralization on the bedrocks of Okemesi area (Ajindo) [38].
Akanmu et al. worked on mineralogical characterization of the gold bearing rock
around Okemesi-Ijero area and discovered that, this study has actually confirmed the
presence of gold mineral in the Precambrian basement rocks of Okemesi area. The
XRD studies also revealed a strong affinity with the petrographic analysis and also
indicated Au showings in Okemesi area (Ajindo Bedrock) which has now confirmed
the phase of Au showings in the schistose quartzites [39].

Conclusion

This study has examined Nigerian non-ferrous metallic ores which include lead-zinc
ores, cassiterite (Tin ore), gold ore, and copper ore deposits found in the country
with the resources available. Although, the most of the minerals are not fully utilized
for industrial improvement in Nigeria, also the mineral development is so slow due
to lack of knowledge on the amount of mineral contents present in a particular
ore. If this trend continues, then there is little hope of fully harnessing the mineral
resources for industrial and technological development. This paper has reviewed
previous works done on characterization and beneficiation of Nigerian metallic ores
in order to motivate government, stakeholders, and investors to put more interest
towards developing these important resources.

This review shows more work is needed to be done on characterization and ben-
eficiation of metallic ores (such as Riruwai Cassiterite, Zarara Hill Copper Ore,
Numan lead-zinc deposit, Nasarawa and Bauchi Zircon, Plateau Tantalite, Kaduna
Tourmaline, etc.) in the countries has few works are done yet. From this research, the
non-ferrous metallic ores that are yet to be adequately characterized and beneficiated
include; columbite, cassiterite, tantalite, chalcopyrite, gold, Illmenite, wolframite,
niobium ore, etc. Also, in-depth and further studies (such as upgrading the ore by
beneficiating in several reagents) be done on iron ore and lead-zinc Ore. Metallic
ores across the states in the countries be looked at especially states with more metal-
lic ores such as Nassarawa, Plateau, Kogi, Niger, Bauchi, Taraba, Adamawa, Oyo,
Ogun, Benue, Ebonyi, Cross River, Zamfara, Kwara, Kano, Kebbi, Kaduna, etc.
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Kinetics of Coke Gasification Reaction
Catalyzed by Alkali Carbonates

Yunpeng Fang, Shengfu Zhang, Cheng Yin, Yuhan Zhu, Rongjin Zhu
and Yang Li

Abstract Coke is the main material of blast furnace (BF), and its reaction speed
has an important influence on BF smooth operation. The coke reactivity is mainly
affected by coke structure and mineral catalysis. The objective of the present work is
to expand the catalytic mechanism of alkali carbonates on coke gasification reaction.
Thermogravimetric equipment was used to carry out the non-isothermal analysis
experiment and the isothermal analysis experiment. The software (FactSage 6.2)
was used to carry out the thermodynamic calculation for gasification of alkali car-
bonates. Then, the interaction of surface activated oxygen species of C6 clusters and
alkali carbonates, the adsorption, and subsequent desorption behaviors of CO2 on the
oxygen vacant surface of Na2O and K2O were systematically studied by using the
first-principle method based on density functional theory. The reaction path of car-
bon–oxygen catalytic gasification was theoretically analyzed to explain the reaction
mechanism of catalytic gasification.

Keywords Coke · Alkali carbonates · Gasification reaction kinetics ·
First-principle method

Introduction

The gasification reactivity of coke is one of the main thermal properties in blast
furnace production and the alkali metals, alkaline earth metals, and some transition
metals of group VIII have certain catalytic effects on coal gasification and coke
gasification, and the catalytic effects will cause the degradation of coke properties
[1, 2]. Wang et al. [3] analyzed the coke with different potassium carbonate and
sodium carbonate adsorption (with concentration of 5–15%) and found that Na2CO3

had good fluidity and poor volatility and was easy to interact with minerals in coke
ash, leading to the catalytic activity of Na2CO3 stronger than K2CO3. Zhou et al. [4]
studied the catalytic effect of KCl, NaCl, Na2CO3, and K2CO3 by loading them into

Y. Fang · S. Zhang (B) · C. Yin · Y. Zhu · R. Zhu · Y. Li
College of Materials Science and Engineering, Chongqing University, Chongqing 400044, China
e-mail: zhangsf@cqu.edu.cn

© The Minerals, Metals & Materials Society 2020
J. Li et al. (eds.), Characterization of Minerals, Metals, and Materials 2020,
The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-36628-5_6

57

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-36628-5_6&domain=pdf
mailto:zhangsf@cqu.edu.cn
https://doi.org/10.1007/978-3-030-36628-5_6


58 Y. Fang et al.

cokewith dippingmethod and found that the catalytic effect was successivelyK2CO3

> Na2CO3 > KCl > NaCl. Fan et al. [5] also studied the influence of alkali metals on
gasification activity and microcrystalline structure of coke by dipping method, the
results showed that the catalytic effect of Na was stronger than that of K in the early
stage of gasification reaction, and the effect was opposite in the late stage.

But the previous researches mainly focused on the macroscopic experimental
phenomena to explain the mechanism of coke dissolution in blast furnace, but the
systematic researches on the catalytic thermodynamics and dynamics of alkali metals
reaction to coke gasification were few. In this study, the thermodynamic calculation
software (FactSage 6.2) was carried out to calculate the thermodynamics of coke
gasification reaction adding Na2CO3 and K2CO3 and then studied the catalytic pro-
cess of Na2CO3 and K2CO3 on coke gasification reaction by thermogravimetric
experiment, and analyzed the influence of Na2CO3 and K2CO3 on the characteristic
temperature of coke gasification reaction. Then, the interaction of surface activated
oxygen species of C6 clusters and alkali carbonates, the adsorption, and subsequent
desorption behaviors of CO2 on the oxygen vacant surface of Na2O and K2O were
systematically studied by using the first-principle method based on density func-
tional theory, and the catalytic mechanism of Na2CO3 and K2CO3 on coke gasifica-
tion reactions is clarified, providing theoretical support for the subsequent process
research.

Experimental

Sample Preparation

The coke samples used in the experiment are self-made coke in the laboratory. The
coal type and ratio refer to the production practice of a steel enterprise. The proximate
analysis and ultimate analysis are described in Table 1, characterized by Chinese
StandardMethodsGB/T 212-2008,GB/T 31391-2015.And the ash analysis is shown
in Table 2.

Table 1 Proximate and ultimate analysis of coke

Proximate analysis (wt%) Ultimate analysis (wt%)

Mad Vad Aad FCad Cd Od Nd Hd

0.25 1.93 15.26 82.56 85.25 0.11 0.67 0.34

Table 2 Ash analysis of coke

SiO2 Al2O3 Fe2O3 CaO MgO TiO2 P2O5 K2O Na2O

47.00 34.87 5.98 3.21 0.64 1.64 0.39 0.61 0.92
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Non-Isothermal Kinetic Experiments and Isothermal Kinetic
Experiments

The prepared coke samples were crushed to 150 ~ 200 microns and then dried to a
constant mass at 105 (±5) °C. During the experiment, 10 g of dried coke powder
was accurately weighed and mixed according to Table 3. The mixed samples were
fully mixed in agate mortar for 30 min to ensure even mixing of the samples. After
that, they were put into sample bags for marking and placed in dry and ventilated
places for later use.

The experiment was carried out on thermogravimetric balance. Before the exper-
iment, argon was injected into the thermal balance at a flow rate of 80 ml/min for
30 min to exhaust air, and then, a small amount of mixed coke powder (50 mg) was
accurately weighed and placed in a corundum crucible for non-isothermal experi-
ment. At this time, argon valve was closed, and CO2 was injected at a flow rate of
60 ml/min. In this experiment, the temperature rise rate was set by the programmed
temperature rise control system. Firstly, the temperature rose to 600 °C at the rate
of 10 K/min, and then to 1200 °C at the rate of 5 K/min. After that, the temperature
rise was stopped, and the sample was cooled to room temperature by argon gas.

Isothermal kinetics experiments were also carried out on the thermobalances.
Before the experiment, argon was injected into the thermogravimetric balance at a
flow rate of 80 ml/min for 30 min to exhaust air, and then, a small amount of mixed
powder (50 mg) was accurately weighed and placed in the corundum crucible. In this
experiment, the temperature rise rate was set through the programmed temperature
rise control system. Firstly, argon gas was heated to 1100 °C at the rate of 100 K/min,
and then, CO2 was injected at the gas flow rate of 60 ml/min. Then, the sample was
insulated at 1100 °C until the quality of the sample was no longer changed.

Table 3 Experimental
scheme for the mixing of
alkali carbonates with coke

The sample names Ratio

Raw-coke 100%Coke

C–N1 1% Na2CO3 + 99%Coke

C–N2 2% Na2CO3 + 98%Coke

C–N3 3% Na2CO3 + 97%Coke

C–K1 1% K2CO3 + 99%Coke

C–K3 3% K2CO3 + 97%Coke

C–K5 5% K2CO3 + 95%Coke
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Results and Discussion

Thermodynamic Calculation

After adding Na2CO3 and K2CO3, Na2CO3 and K2CO3 are reduced by fixed carbon
or CO in coke during the process, and the possible reactions are shown in Eqs. (1)–(4)
[6, 7].

K2CO3 + 2C = 2K+ 3CO (1)

Na2CO3 + 2C = 2Na+ 3CO (2)

Na2CO3 + CO = 2Na+ 2CO2 (3)

K2CO3 + CO = 2K+ 2CO2 (4)

Figure 1 is a schematic diagram of temperature variation of Gibbs free energy of
coke added with Na2CO3 and K2CO3 in the gasification reaction process calculated
by FactSage 6.2 software. It can be seen from Fig. 1 that the gasification reaction of
coke may occur at 700 °C, but compared with the previous study, the gasification
reaction obviously occurs when the temperature is higher than 900 °C.

For the gasification experiment with the coke added Na2CO3 and K2CO3, the
critical temperature for the reduction was 1100 and 1160 °C [8], respectively, and
at this temperature, the gasification reaction of coke in this experiment has basically
ended, so the above reduction process can be ignored.

Fig. 1 Change of Gibbs
energy of possible reduction
reactions of sodium
carbonate and potassium
carbonate at different
temperatures
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Effects of Sodium Carbonates and Potassium Carbonates
on Characteristic Temperature of Coke Gasification Reaction

The effects of Na2CO3 and K2CO3 on conversion rate and reaction rate of coke
gasification reaction are shown in Fig. 2a and b. The effect of Na2CO3 on conversion
rate and reaction rate of coke gasification reaction is similar to that of K2CO3. It
can be seen from Fig. 2a and b that at the same temperature before the end of the
reaction, coke conversion rate increases with the increase in Na2CO3 and K2CO3

Fig. 2 Carbon conversion and normalized reaction rate versus temperature in gasification with
different content of alkali carbonates (β = 50 °C/min)
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Table 4 Influence of sodium
carbonate and potassium
carbonate on the
characteristic temperatures of
coke gasification

The sample names Characteristic temperature (°C)

T0 Tmax Tf

Raw-coke 991 1088 1190

C–N1 986 1098 1194

C–N2 959 1079 1166

C–N3 928 1047 1117

C–K1 981 1069 1181

C–K3 915 1049 1126

C–K5 879 991 1043

content. When the addition amount of Na2CO3 is 3% and the addition amount of
K2CO3 is 5%, the coke prepared has the fastest complete reaction. Meanwhile, with
the increase in Na2CO3 and K2CO3 content, the maximum reaction rate of coke
gasification reaction also increases.

In order to better study the catalytic mechanism of alkali carbonates, the concept
of characteristic temperature is introduced into this study by referring to the thermal
analysis method proposed by Liu et al. [9]. Table 4 shows the characteristic tem-
perature of coke gasification reaction after adsorption of Na2CO3 and K2CO3, from
which it can be seen that both Na2CO3 and K2CO3 can reduce the initial reaction
temperature and intense reaction temperature of coke gasification reaction, and with
the increase in Na2CO3 and K2CO3 content, the initial reaction temperature and
intense reaction temperature of coke gasification reaction gradually move to the low
temperature zone. When the addition of K2CO3 reaches 3%, the initial reaction tem-
perature, end reaction temperature, and intense reaction temperature of gasification
reaction can be significantly reduced. Comparedwith the influence ofK2CO3 on coke
gasification reaction, the characteristic temperature of coke gasification reaction is
not obvious after adding Na2CO3.

Gasification Kinetics of Coke with Alkali Metal Carbonates

Generally speaking, Coats-Redfern method and Metzger method are two inte-
gral methods for solving gas–solid reaction dynamics [10–12]. In this paper,
Coats-Redfern method is adopted and the equation is as follows:

ln

[
G(x)

T 2

]
= ln

(
AR

βE

)
− E

RT
(5)

where G(x) is the integral expression of gasification reaction mechanism function.
Ten different gas–solid reactionmechanism functions are selected to fit the data of

coke gasification [13–15]. By comparing the correlation coefficient R2 in the linear
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fitting process, the model (g(x) = 2(1 − x) [−ln(1 − x)]1/2, G(x) = [−ln(1 − x)]1/2)
is determined to be the optimal model to describe the gasification reaction.

By linear fitting ln(β/T 2) and 1/T, the apparent activation energy of the reaction
can be calculated from the slope of the fitting curve, and the frequency factor A of
the reaction can be calculated according to Eq. 5. The calculation results are shown
in Table 5. Figure 3 shows the relationship between ln[G(x)/T2] and 1/T in the gasi-
fication reaction of coke containing alkali carbonates. When the alkali carbonates
content is low, the first-order reaction follows, while when the alkali carbonates con-
tent is high, the second-order reaction follows, indicating that chemical reaction is the
restrictive link of coke gasification reaction. Combining with the kinetic parameters
can be seen in Table 5, apparent activation energy and frequency factor, the original
focus of the average apparent activation energy and frequency factor (average Ea

= 172.9942 kJ/mol, average ln(A) = 45.187 s−1) were higher than other samples
corresponding numerical (average Ea = 129.3654–161.3654 kJ/mol, average ln(A)
= 38116–42.231 s−1). This shows the original reaction of coke is the most difficult
of the sample decomposition and the most complicated. On the other hand, with the
addition of Na2CO3 and K2CO3, the Ea and ln(A) of the samples showed a gradually
decreasing trend, indicating that the coke gasification reaction was easier with the
increase of alkali metal carbonate content, and the alkali metal carbonate promoted
the coke gasification reaction. The results show that alkali carbonates can promote the
gasification of coke in the gasification process, and the reactivity of coke gasification
is reduced, so that the reaction is more favorable to gasification.

Table 5 Kinetic parameters of coke after gasification

Samples Raw-coke CN-1 CN-2 CN-3 CK-1 CK-3 CK-5

E (kJ/mol) 172.99 161.37 155.24 152.37 159.79 146.35 129.37

ln(A) (s−1) 45.19 42.23 41.27 41.65 42.36 40.62 38.12

Fig. 3 Arrhenius plots of
coke gasification by alkali
carbonates with different
contents
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Catalytic Mechanism of Alkali Carbonates on Coke
Gasification Reaction

For this section, mainly adopting the first-principle method based on density func-
tional theory of the system studied the C6 clusters and Na2O and K2O surface acti-
vated oxygen species interactions [16–18], CO2 in Na2O and K2O adsorption on the
surface of the oxygen vacancy and subsequent stripping behavior from the theoretical
analysis of carbon–oxygen catalytic gasification reaction path, catalytic gasification
reaction mechanism.

Figure 4 shows the coke gasification reaction path and the energy change, and
the gasification reaction in initial stage is mainly for the CO2 adsorption process of
coke on the C6 clusters. In the process, C–C bonds in C6 clusters fracture, then the C
bonds combinedwith C in the CO2 generate newC–C bonds, and the structure energy
after restructuring is 0.69 eV higher than unreacted structure, which shows that the
process is the endothermic process. The process from P1 to P2 is the migration and
transformation of oxygen in the C–O bonds, and then from P2 to P3 is the desorption
process of CO from the carbon chain. In this process, two C–C bonds break and
absorb a large amount of heat (2.91 eV), which is the limiting link of the reaction.

Figure 5a shows the reaction path and energy change of sodium carbonate-
absorbed coke after gasification. During the gasification reaction, Na2CO3 is decom-
posed into oxide, soNa2O is selected as the base catalyst in the simulation. C6 clusters
in the gasification reaction initial stage are mainly adsorbed on the Na2O basement,
theC6 molecules absorbed activate,C–Cbonds fracture, and absorb energy is 0.35 eV,
the C bonds fractured damage Na–O bonds structure in Na2O, and combined with
O generate C–O bond, which compared with the original coke gasification of C–C
bonds fracture in C6 clusters, the lower energy (down from 0.69 to 0.35 eV) needed,
shows that adding Na2O can reduce the energy barrier of C6 fracture, promoting
coke gasification reaction. In the process from P2 to P3, oxygen transfer is com-
pleted through the Na2O matrix, and O in CO2 is adsorbed by Na2O with oxygen

Fig. 4 Reaction path and
energy change of coke
gasification
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Fig. 5 Reaction path and energy change of sodium carbonate-absorbed coke after gasification

vacancy, which leads to the fracture of C–O bond in CO2 and the formation of Na–O
bond in Na2O. In this step, the energy barrier is low (0.58 eV). In the end, the C–C
bonds that connected with the C–O bonds in C6O break and get CO, completing the
whole catalytic process. As there is only one C–C bond break in this process, the
energy barrier is greatly reduced (from 2.91 to 1.54 eV), and the reaction is promoted.
Figure 5b shows reaction path and energy change of potassium carbonate-absorbed
coke after gasification. Because during the gasification process, the change trend of
reaction path and energy is similar to that of sodium carbonate-absorbed coke after
gasification, we won’t explore it in this article.

Conclusions

In the non-isothermal thermodynamic analysis experiment, the conversion rate of
coke increases with the increase in alkali carbonates content, and the complete reac-
tion is fastest when sodium carbonate content is 3% and potassium carbonate con-
tent is 5%. Meanwhile, with the increase in alkali carbonates content, the maxi-
mum reaction rate also increases. Both sodium carbonate and potassium carbonate
can reduce the initial reaction temperature and intense reaction temperature, and
with the increase in alkali carbonates content, the initial reaction temperature and
intense reaction temperature gradually move to the low temperature zone. Compared
with potassium carbonate, the influence of sodium carbonate on the characteristic
temperature of coke gasification reaction is obviously strong.

In the kinetic analysis of coke gasification, first the optimal mechanism function
was determined, then the effect law of different alkali carbonates content to reaction
activation energy and pre-exponential factor was calculated. The results show that
when the content of alkali carbonates is low, alkali carbonates can obviously reduce
the activation energy, but when the content reaches a certain value, the effect of
reducing the activation is not obvious. When the content of alkali carbonates is low,
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the first reaction is followed;when the content is high, the second reaction is followed,
indicating that the reaction is a restrictive link in coke gasification reaction.
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Phase Transformation Characterization
by Means of High Temperature Digital
Image Correlation for Graded
Thermo-Mechanical Processing of Steel
Sheet Parts

A. Reitz, O. Grydin and M. Schaper

Abstract By locally adjusting the microstructure during the press hardening pro-
cess, the production of load-tailored safety relevant parts is possible. The thermo-
mechanical treatment of 22MnB5 steel at different austenitization temperatures,
cooling, and forming conditions within a sheet leads to the development of mixed
microstructures, which locally influence the material properties. A high number of
experiments and specimens are necessary to determine the resulting phase composi-
tion in such graded parts. Within this study, a contactless characterization method to
detect local phase transformations across an inhomogeneous treated flat steel speci-
men is developed. Digital image correlation and infrared thermography are used to
identify transformation induced local straining during the inhomogeneous thermo-
mechanical treatment. Flat steel specimens of 22MnB5 steel up to a thickness of
2 mm are tested. Coupling of temperature and strain fields enables the characteri-
zation of transformation kinetics for different austenitization temperatures, cooling
rates, and hot deformation strains with a reduced number of samples.

Keywords Phase transformation · Steel · Sheet material · Flat specimens ·
Thermal imaging · Digital image correlation

Introduction

The increased demands related to environment protection, advancing technology, and
occupant safety require the application of ultra-high strength steels in the automobile
sector, which can be formed by press hardening [1]. Press hardening is a thermo-
mechanical forming process with intended phase transformation [2]. The blank is
formed in one single step that combines forming at high temperature with a subse-
quently fast quenching using cooled dies [3]. The boron-alloyed steel 22MnB5 is the
most commonly used steel grade in press hardening processes [4]. If the cooling rate
exceeds a minimum of approximately 27 K/s, at a temperature of around 400 °C,
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a diffusionless martensitic transformation will be induced, which is responsible for
the high strength of the press hardening part [3]. The resulting microstructure of the
press hardening components is closely related to the thermo-mechanical process of
the 22MnB5 sheets [5]. Several sheet metal parts manufactured by the conventional
press hardening process would benefit of regions with a reduced strength but higher
ductility in order to enhance their crashworthiness [6]. This can be achieved, for
example, by specific austenitization, cooling, or annealing strategies [7]. One exam-
ple is the B-pillar automotive component in which the bottom part should have higher
energy absorption capacity than the one provided by a fully martensitic structure in
order to enhance the side crash performance, whereas the upper part must retain
the martensitic structure to show high intrusion resistance [6]. Investigations on the
thermo-mechanical properties at different annealing temperatures have shown that
for the applicability of lower annealing temperatures to achieve a lower ductility
profile for components with tailored properties, a temperature lower than 825 °C has
to be chosen to assure a significantly lower strength and hardness than that of com-
monly press hardened sheet metal [8]. Depending on the initial grain size, carbon
content, austenitization temperature, dwell time, forming conditions, and the cooling
rate, a various mixed microstructure can be reached.

Monitoring of phase transformations and the knowledge of continuous cooling
transformation (CCT) diagrams are important to get a component with the above
mentioned properties [9]. When steel undergoes a phase transformation, the lattice
structure will become altered and, as a rule, produce a change in specific volume
[10]. Phase transformations are exothermal, and when plotting the thermal data, they
appear as small deviations from the otherwise smooth cooling curve [11]. Therefore,
phase transformations can be observed by dilatometry, differential thermal analysis,
or differential scanning calorimetry [9]. With dilatometer tests, phase transforma-
tions can be detected, and CCT diagrams can be developed. Results of these inves-
tigations often have to be confirmed by means of micrographs and hardness tests
because phase transformations in multiphase steels are very complex [9]. Most of
the phase transformation studies for ferritic or austenitic steels were based on isother-
mal treatments, which usually require a large number of specimens for a complete
description of all transformations [12]. Using dilatometry to determine the resulting
mixed microstructure for a graded component like a B-pillar would lead to both a
high number of dilatometer tests and a high experimental effort.

The present study aims to investigate a contactless characterizationmethod for the
analysis of phase transformations for graded thermo-mechanical processed flat steel
specimens made of 22MnB5. Therefore, high temperature digital image correlation
(DIC) and thermal imaging were used for the investigations.
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Experimental Procedure

For the high temperature DIC tests, uncoated 22MnB5 specimens with a thickness
of 1, 1.5, and 2 mmwere cut following the rolling direction of the sheets by wire-cut
EDM. The chemical compositions of the steel sheets are presented in Table 1.

Figure 1 shows the experimental setup for the high temperature DIC tests. A
medium frequency generator from Trumpf Hüttinger with a maximum power of
10 kW and a frequency of 250 kHz was used in this study, to heat the flat steel
specimens with a frontal inductor. It allows fast heating of the specimens up to
1000 °C. Mechanical testing was conducted on an MTS Landmark universal testing
machine. The frontal inductor was moved in front of the specimen until a coupling
distance of about 2 mm between the specimen and the inductor was reached.

For the DIC tests, the specimens were painted with a black high temperature
varnish, and the speckle pattern was sprayed using a white high temperature varnish
of the same type. Temperatures within a range of 250–1000 °C were recorded with
an FLIR thermal imaging camera. This was necessary to detect the martensite start

Table 1 Initial grain size and chemical composition of the investigated 22MnB5 flat steel sheets

Thickness
(mm)

Initial grain
size (µm)

C% Si% Mn% Cr% B% Ti% Fe%

1.0 5.84 0.230 0.180 1.191 0.191 0.0025 0.025 97.98

1.5 6.88 0.219 0.200 1.185 0.193 0.0020 0.027 97.95

2.0 7.65 0.236 0.218 1.188 0.181 0.0022 0.025 97.95

y 

x 

Fig. 1 Experimental setup for the characterization of phase transformations: (1) medium frequency
oscillator, (2) specimen, (3) frontal inductor with magnetic flux concentrator, (4) ratio pyrometer
300–1500 °C, (5) thermal imaging camera 250–1200 °C, (6) digital camera, (7) LED spotlight, (8)
air nozzle, and (9) servo-hydraulic testing machine
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Table 2 Experimental plan for the thermal and thermo-mechanical treatment of the flat steel
specimens

Specimen Thickness
(mm)

Austenitization
temperature
(°C)

Dwell
time (s)

Cooling
method

Treatment

P1 2 850 10 Ambient
air

Thermal

P5 1.5 850 10 Air
pressure

Thermal

P7 2 950 300 Ambient
air

Thermo-mechanical

and finish (Ms and Mf ) temperatures for an austenitization temperature of about
850–950 °C [13]. The emission coefficient for the thermal imaging camera was
determined by a comparison measurement with a ratio pyrometer.

The geometry of each specimen was flat with a length of 178 mm as depicted
in Fig. 1. In all tests, the specimens were heated up to a temperature of about 850
or 950 °C via induction heating and then cooled down by ambient air or quenched
by compressed air (Table 2). GOM correlate was used to calculate the local strain
during the cooling of the specimens. The influence of the surface radiation due to
high temperature was significantly minimized by the camera settings in combination
with two LED-spotlights. Pictures for the DIC-evaluation were done every second by
automatic triggering. In the first test phase, the specimens were fixed on one side in
front of the inductor, and only a thermal treatment was done, to proof the feasibility
of the contactless characterization method. After that, the specimens were cut for
hardness testing and metallographic analysis. The thermo-mechanical treatment was
performed after a dwell time of 5 min with a test speed of 1 mm/s until a total
elongation of 10% was reached. Then, the specimen was immediately cooled by
means of ambient air.

Due to the heating principle and the shape of the inductor, the centre of the
specimen was its hottest area (Fig. 2). An almost homogenous temperature field
(±2.5 °C) existed only in an area of 25mm2 around the hottest temperature point. The
possibility of investigating different austenitization temperatures with one specimen
is a big benefit of this heating principle.

With the data from the GOM correlate system and the thermal analysis, it is
possible to contrast the changes in strain and temperature for all specimens. Diagrams
like Fig. 3 were constructed to graphically determine when the phase transformations
start and end. This was done with a highmagnification. TheDϕy/DT curve shows the
ratio of the change in strain and temperature as a function of time for an investigated
area of the specimen. If this curve indicates a deviation from the usually horizontal
course of the graph and if additionally small deviations from the otherwise smooth
cooling curve are apparent, a phase transformation took place. Three characteristic
areas were investigated for each specimen to verify the functionality of the method
(Fig. 2). The cooling rate of each viewed area was calculated according to [14]:



Phase Transformation Characterization by Means … 73

Fig. 2 Thermal image of a heated specimen

Fig. 3 Temperature-time curve and ratio ofDϕy/DT for specimen P5 (area 1 plotted) with a cooling
rate of about 52 K/s and specimen P1 (area 2 plotted) with a cooling rate of about 12 K/s

cooling rate = temperature range from 800 to 500 ◦C
time taken from 800 to 500 ◦Cduring cooling
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To investigate the microstructure and hardness, optical light microscopy (Zeiss
Axiophoto) and an automatic hardness tester (KB 30 FA) were utilized. To create
micrographs, all specimens were etched with 2% Nital. The chemical composition
of Table 1 was performed by spark spectroscopy.

The general experimental plan for the thermal and thermo-mechanical treatment
of the flat steel specimens is presented in Table 2.

Results and Discussion

Phase Transformation Analysis

Figure 3 shows the results for the heat treatment of the flat steel specimens with a
thickness of 2 and 1.5mm.Area 2 of specimenP1 indicated no phase transformations.
The cooling curve showed no jumps or deviations from its smooth course. In addition,
the Dϕy/DT curve did not significantly deviate from its horizontal course either.
The temperature of area 2 was about 700 °C and according to [13] beneath the
austenite start temperature (Ac1) of 720 °C,whichwasdetermined for a heating rate of
5K/s.With the used heating principle, higher heating rates were achieved. According
to [15], a high heating rate above 500 K/s results in a longer-term transformation
of ferrite to austenite. The Ac1 temperature and the finish temperature of primary
ferrite to austenite transformation (Ac3) increased compared to the literature, which
described lower heating rates.

In contrast to area 2 of specimen P1, the cooling curve for the investigated area
1 of specimen P5 shows deviations. Phase transformations could be detected via the
Dϕy/DT curve. The curve displays two larger peaks, which would indicate at least
two phase transformations. If start and end point of the first peak were transferred to
the cooling curve, a start temperature of about 682 °C and an end temperature of about
460 °C could be detected for the first phase transformation. This end temperature is
also the beginning of the next phase transformation, which ends at about 270 °C. In
compliance with the relative large deviation, the last transformation indicates that
the last phase should have the highest proportion. In [16], the CCT diagram shows
a ferritic transformation at a temperature of about 670 °C and a martensite finish
temperature of about 270 °C for a cooling rate of about 12 K/s, which could be
related to the results of the new characterization method in Fig. 3.

Figure 4 shows the temperature-time curve and ratio of Dϕy/DT for specimen P7
for area 1 and area 3. No phase transformation could be detected in area 3, which
correlates with the associated temperature-time curve. The Dϕy/DT curve of area
1 indicates, with reference to the start temperature of 570 °C and end temperature
of 400 °C, one phase transformation, which should be the bainitic transformation.
According to [17], a hot plastic deformation increases the mean value of the Bs

(bainite start temperature) from 580 to 600 °C, but the effect will be decreased by
a reduction of the cooling rate. The Ms temperature was about 400 °C, while in
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Fig. 4 Temperature-time curve and ratio of Dϕy/DT for specimen P7 (10% elongation; area 1:
cooling rate 11 K/s; area 3: cooling rate 17 K/s)

this study no martensite transformation could be detected with the method. Area 3
potentially had a higher cooling rate than area 1 since the clamping jaws of the MTS
testing machine were water-cooled.

The thermo-mechanical treatment of specimen P7 showed that not the whole area
of the sample could be analysed due to lower elongation of the high temperature
coating. Because of the ceramic basis of the high temperature coating, cracks appear
within the coating (Fig. 5a), which enhanced scaling on the surface of the specimen.
This led to the occurrence of spalling and to not evaluable areas (Fig. 5b).

Fig. 5 a Cracks within the coating of specimen P7 after 10% elongation directly before cooling,
b spalling of the coating after cooling
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Microstructural and Hardness Analysis

Micrographs and hardness for the specific areas of the specimen P1, P5, and P7 are
presented in Fig. 6. In comparison with the initial state, specimen P1 marginally
changed in its microstructure and hardness (Fig. 6a and b). The lower hardness could
be explained with a short soft annealing, within area 2 of P1. Järvinen et al. investi-
gated different initial microstructures and their effect on the final material properties.
Within their study an annealing process above the Ac1 temperature produced a sim-
ilar microstructure but with a higher hardness of about 210 HV [18]. An annealing
for 5 min above the Ac3 temperature combined with a subsequent cooling rate of
9 K/s leads to a mixed microstructure with ferrite, bainite, and martensite [16]. Since
area 2 was heated beneath the Ac1 temperature, no phase transformation could take
place. In addition, Fig. 6b validates the result of the Dϕy/DT curve, which indicated
that no phase transformations took place.

Fig. 6 Micrographs and average hardness of a initial state, b specimen P1 area 2, c specimen P5
area 1, d specimen P7 area 1, and e area 3 (F: ferrite, B: bainite, M: martensite)
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In Fig. 4c, a mixed microstructure is visible within area 1 of specimen P5. It
contains a high amount of martensite with small amounts of ferrite and bainite.
According to Salzgitter Flachstahl [19], the hardness of 22MnB5 steel sheets after
austenitization and immediate water quenching can reach about 500 HV1. The high
hardness of 450 HV1 indicates a high amount of martensite. Figure 3 showed at least
two phase transformations though the enlarged section reveals a second increase
of the curve after a slight drop, which could indicate the beginning of a third phase
transformation. Since three different microstructure constituents are visible in Fig. 6,
this transformationmust be the bainitic. Based on the results of [15], that high heating
rates shift the Ac1 and Ac3 temperatures to higher temperatures and the short time
austenitization was done below the Ac3 temperature of 880 °C [13], and the start of
quenching was realised within the inhomogeneous austenite area. This could explain
why area 1 had a mixed microstructure although a high cooling rate of 40 K/s was
reached. According to [13], a cooling rate above 25 K/s should have led to the
formation of a fully martensitic microstructure.

Figure 6d shows a bainitic microstructure with a hardness of about 275 HV1. No
martensitic microstructure could be foundwithin this area, which supports the results
of Fig. 4. TheDϕy/DT curve illustrates that there only was a bainitic transformation,
which could be verified by the micrograph. According to [13], a continuous cooling
rate of about 11 K/s should have led to the formation of a mixed microstructure with
ferrite, martensite, and a high amount of bainite. Since the deformed CCT diagram
was developed for a strain of about 0.4, a complete comparison with this study was
not possible. Further investigations by scanning electron microscopy are planned to
specify exactly, which metallographic constituents exist within this area.

A ferritic-perlitic microstructure was detected in area 3 of specimen P7 (Fig. 6e).
Since the microstructure consisted of finer grains compared to Fig. 6a and 6b, a
recrystallization during the thermo-mechanical treatment could have taken place.
This could explain a higher hardness in contrast to Fig. 6a and b.

Conclusions and Outlook

A new characterization method to determine phase transformations was studied
based on a thermo-mechanical treatment of flat steel samples. The results can be
summarized as follows:

• Phase transformations could be detected with a new contactless characterization
method and validated with micrographs and hardness tests

• The dimensions of the peaks indicate the extend of a phase
• For thermo-mechanical treatments, the specimens should be painted with a high
temperature coating, which could enable a higher elongation to guarantee a full
analysis of the specimens.
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In further studies, the accuracy of the characterization method should be verified
with already determinedCCTdiagrams for 22MnB5. Furthermore, the same forming,
heating, and cooling conditions should be applied for the treated specimens.
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Austenite Stability Under Focused Ion
Beam Milling

Jian Li and Pei Liu

Abstract Artifacts from FIBmilling can be of great concern. Aside from commonly
known defects (e.g., Ga ion implantation, re-deposition, microstructure change due
to specimen temperature increase, surface amorphization, etc.), FIBmilling can even
result in phase transformation in somemetal alloys. Limited study has shown normal
incident Ga ion beammilling which can transform austenite (FCC) to BCC structure
in some stainless steels. This can be detrimental when austenite in stainless steels
needs to be analyzed. However, one important question to answer is if milling in
high glancing angle can result in such transformation. The susceptibility of austenite
transformation to BCC structure is studied using EBSD on commercial stainless
steels. When irradiated by normal incidence Ga ion beam, even with low dose,
surface of SS304 and SS316 was transformed from austenite to BCC structure.
However, irradiation from high glancing angle does not result in such transformation
of relatively unstable austenite structure in SS304.

Keywords FCC · BCC · FIB · Phase transformation

Introduction

Precision focused ion beam (FIB) milling has become a well-established routine in
microstructure characterization. Whether it is cross-sectioning, site-specific TEM
specimen preparation and micro-deposition in FIB, and the high energy primary
ion beam (Ga ion or Xe ion) interact with specimen and create certain degree of
disturbance to the substratematerial. In crystallinematerials, various types of artifacts
can be generated [1]. Among the commonly known artifacts, we already have very
good idea on the surface amorphization, the development of short range dislocation
especially on light weight metals (e.g. aluminum and magnesium alloys), formation
of low melting point Ga phase [2], etc. Strategies to minimize these well-known
artifacts during FIB milling are in place.
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Among the artifacts, there are few reports on FIB milling induced phase transfor-
mation. Knipling et al. [3] studied phase transformation of three austenitic stainless
steels upon Ga ion beam milling. Among the three alloys, even when milling with
very low dose, austenite (FCC) was found to transform to BCC in two ferrous alloys
that have less stable austenite phase. The austenite phase in super-austenitic alloys,
Al-6XN, remains un-affected by FIB milling. Upon low dose exposure in Knipling’s
experiment (less than 0.05 nC/µm2), the FCC toBCC transformationwas found to be
crystallographic orientation dependant, amongwhich (100) plane being the most sta-
ble orientation. Similar experiment carried out by Basa et al. [4] on a super-duplex
stainless steel irradiated under much higher ion doses (1 nC/µm2). FCC to BCC
phase transformation occurred even under low beam acceleration voltage (5 kV).
The EBSD analysis suggested the FCC to BCC phase transformation is a result of
changes in chemical composition by Ga ion implantation.

The Ga induced FCC to BCC phase transformation in steels is a great concern.
FIB has been widely used to characterize various types of steels. The amount and
distribution of austenite in steels is among one of themost important factors affecting
their performance. For example, in weld heat affected zones, the appearance of MA
phase plays a significant role in weld zone toughness. Characterizing weld zone
microstructure and correlate with weld zone toughness is of critical importance in
developing welding parameters for the construction of new pipelines using advanced
pipeline steels (e.g. X80). MA phase is usually very small and frequently requires
TEM to characterize its morphology, composition, and distribution. FIB has been
the best tool to produce site-specific TEM specimens. It is of utmost importance
to under the stability of austenite phase in commercial alloys upon FIB ion beam
milling to provide knowledge and confidence that the microstructure in FIB prepared
TEM foil is a true representation of the bulk material. Among previous reports
[3.4], millings were performed using incident Ga ion beams, under which, the beam
damage and implantation are at their worst. There has been no report on if FIB
cross-sectioning will result in such phase transformation. This is very important as
majority of post-FIB examinations are on FIB cross sections (e.g. serial sectioning
for 3-D reconstruction and TEM specimen preparation).

In this study, we carried FIB milling experiments on three commercial austenitic
alloys (SS304, SS316, and Alloy 800). Milling with incident Ga ion beam results
in near complete phase transformation on SS304 and SS316 at low ion dose of
0.12 nC/µm2. The transformation is found to be independent of crystallographic
orientation. Austenite phase was completely stable for Alloy 800. On the ion beam
cross-sectioned surface of SS304, no phase transformation was observed.

Experiment

Three samples from SS304, SS316, and Alloy-800 were prepared using standard
metallurgical polish routine. Final polishing was carried out using colloidal silica
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Fig. 1 FIB sectioning and
EBSD scans of the SS304
sample

suspension. Small graphite markers were placed on each specimen for location iden-
tification purpose. Prior to FIB milling, SEM imaging and EBSD scans were per-
formed using a FEI Nova NanoSEM-650 equipped with a Hikari EBSD system.
FIB millings were performed using a FEI Helios NanoLab-650 dual beam system
on identical areas to assess the status of phase transformations. Millings were per-
formed in an area of about 200 × 200 µm with beam acceleration voltage of 30 kV,
beam current 2.5 nA, and beam dwell time of 100 ns. Total milling dose was kept at
0.12 nC/µm2. EBSD scans were performed on the FIBmilled area. EDS spectra were
also collected from the ion milled area to assess the degree of Ga ion implantation.

In addition to study the phase transformation induced by incident Ga ion beam,
the polished surface of SS304 sample was FIB cross-sectioned. EBSD scans were
carried out before and after the sectioning. Figure 1 is a schematic diagram showing
the geometry of the FIB sectioning and EBSD scans.

Results and Discussion

Inverse pole figure (IPF) map in Fig. 2 shows the as-received SS304 has fully
recrystallized equi-axed grains. The phase map shows the structure is predominantly
austenite (FCC) except a few small patches of BCC structure. These small BCC
islands within austenite grains are attributed to the FCC to BCC transformation due
to mechanical polishing.

FIBmillingwas carried out usingquite a lowdose (0.12nC/µm2).This is primarily
because higher ion dose can generate significant surface topography, this,when added
to re-deposition, can significantly degrade diffraction pattern quality and reduce
indexing confidence. Subsequent EBSD scan on the same area in Fig. 3 shows the
milled area is completely transformed to BCC structure. Even with such low dose
milling, the transformation is found to be independent of original crystallographic
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Fig. 2 EBSD scan of as-received SS304. a IPF map, b phase map (red: austenite, blue: BCC)

Fig. 3 EBSD scan of FIB milled area on SS304. a IPF map, b phase map (red: austenite, blue:
BCC)

orientation of austenite grains. This is different to the previous report by Knipling
et al. [3]. The IPF maps before and after FIB milling shows the close packed {111}
plane in austenite (FCC)grains are parallel to {110}plane in transformedBCCgrains,
indicating the FCC-BCC transformation follows the traditional Kurdjumov-Sachs
(K-S) orientation relationship.

As shown in Fig. 4, FIB milling of SS316 also result in near complete FCC to
BCC transformation. For both stainless steels, FIB milling resulted degradation in
diffraction pattern indexing quality. However, the confidences of indexing in both
EBSD scans are still quite reasonable (0.34) after FIB milling.

In contrast to the two stainless steels, the austenite structure inAlloy-800 appeared
to be very stable under the same FIB milling condition. EBSD scan in Fig. 5 shows
no sign of FCC to BCC transformation.
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Fig. 4 EBSD scan SS316 before and after FIBmilling. aAs-received IPFmap, b as-received phase
map (red: austenite, blue: BCC), c after FIB milling IPF, d after FIB milling phase map

Basa et al. [4] suggested such phase transformation is neither a result of plastic
deformation nor an increase in the dislocation density, as has been established for
the metastable austenite to martensite phase transformation, but rather triggered by
local change in the composition. In stainless steels, Ni, Carbon, Mn, and N stabilize
austenite, while Cr, Si, Mo, and Nb stabilize ferrite phase. Eichelman and Hull [5]
studied the effect of chemical composition on the austenite to martensite transfor-
mation temperature (Ms) in 304 type of stainless steel. They concluded the relative
effectiveness of the alloying element to stabilize austenite decreases following the
orders of nitrogen, carbon, nickel, chromium, manganese, and silicon. Based on the
calculation of temperature at which 50% of the austenite transforms to martensite
with 30% true strain [6], the austenite in SS304 is very unstable, followed by SS316.
The high Ni content in Alloy 800 makes its austenite extremely stable. Kolman et al.
[7] showed that gallium is a ferrite stabilizer and small addition of Ga to steels pro-
motes austenite to ferrite phase transformation. Milling with incident Ga ion beam
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Fig. 5 EBSD scan Alloy 800 before and after FIB milling. a As-received IPF map, b as-received
phase map (red: austenite, blue: BCC), c after FIB milling IPF, d after FIB milling phase map

implants significant amount of Ga into the substrate. This will promote the FCC
to BCC phase transformation. The crystal structure super-stable austenite phase in
Alloy-800 remains unchanged upon incident ion beam milling. EDS analyses on
the milled surface of the three alloys show significant Ga peaks, and a crude semi-
quantitative calculation yield about 4 wt% Ga in all three alloys. Unlike FIB milling
of Cu [8] where low melting CuxGay phase can form, the Ga content in this study is
not high enough to form Fe-Ga phases.

One important unanswered question is if this phase transformation can occur on
FIBmilled trencheswhere theGa ion beam is nearly parallel to the surface of interest.
If it does, one should be very concerned about the FIB sectioned surface and FIB-
prepared TEM foils. We selected the SS304 that has the least stable austenite for
this experiment. Sample geometry with respect to EBSD scans and FIB trenching
is shown in Fig. 1. EBSD maps of the area of interest before and after FIB milling
are shown in Fig. 6. Small patches of BCC phase can be found on post-FIB milled
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Fig. 6 EBSD scan on SS304 before and after FIB trenching. a, bBefore sectioning IPF map, phase
map (red: austenite, blue: BCC), c, d After FIB sectioning, phase map

surface (Fig. 6d). However, when looking into the corresponding IPF (Fig. 6c), these
labelled BCC areas are very poorly indexed areas. This can be a result of a number
of factors including FIB ion damage, local amorphization and re-deposition. Thus,
one can argue that the BCC islands in Fig. 6d are artifact from poor EBSD indexing
in these areas. The fact that at least the majority of the area (if not all) are not
transformed is due to the milled surface is nearly parallel to the primary Ga ion
beam, and the amount of ion beam damage and Ga ion implantation is minimal.
Subsequent EDS spectrum collected from the milled surface indicate much lower
level of Ga implantation (less than 0.8 wt%). This proved to be not enough to result
in austenite to BCC transformation.

Conclusion

FIB milling by incident Ga ion beam, even at low dose, can transform austenite
phase to BCC structure in both SS304 and SS316 alloys. The transformation is not
a result of new intermetallic phase formation, but the change in local chemistry. For
Alloy 800 that has much higher Ni content, the austenite is stable upon incident
ion beam milling. Meanwhile, FIB sectioning does not result in noticeable phase
transformation in cross-sectioned surface in SS304 inwhich the austenite is relatively
unstable. The finding provided much needed confidence in FIB cross sections and
lift out TEM specimens of ferrous metals.
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Experimental Research on Pellet
Production with Boron-Containing
Concentrate

Yunqing Tian, Gele Qin, Yan Zhang, Luyao Zhao and Tao Yang

Abstract In this paper, the basic performance of boron-containing concentrate and
the method of pellet production with boron-containing concentrate was studied.
Research results show that the granularity of boron-containing concentrate was finer;
it had a good performance in pelletizing, and the green ball ballability index was at
a higher level. If the boron-containing concentrate was heated, there was an obvious
endothermic reaction between 550 and 700 °C. This phenomenon had a negative
effect on the compressive strength of preheated pellet. So the preheating tempera-
ture and preheating time of pellet should be increased in order to reduce the ring
forming phenomenon of rotary kiln. The compressive strength of boron-bearing
pellet decreased with the increase of the proportion of boron-bearing ore powder;
the appropriate roasting system should be selected according to the proportion of
boron-bearing concentrate. The metallurgical properties of boron-bearing pellets
were similar to those of ordinary acid pellets.

Keywords Boron-containing concentrate · Particle size distribution ·
Metallurgical properties

Introduction

Our country has abundant boron iron ore resources. The reserves of boron iron ore
resources in Liaoning province alone amount to 2.8 billion tons. Boron-containing
concentrate is obtained from boron iron ore after mining which is mainly used to pro-
duce borax, boron fine chemical products, andmagnesium deep processing products,
etc. Because of the limited demand and low output value of these boron-containing
concentrate powder cannot be well utilized comprehensively, and does not match
the huge reserves, so it is urgent to develop new uses. With the deepening of the
national supply-side structure adjustment, energy saving, and emission reduction,
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and environmental protection, the iron and steel industry needs to expand new high-
quality resources, and the application of boron-containing concentrate in iron and
steel industry is also a direction [1, 2].

The phase of boron-containing concentrate powder is different from that of ordi-
nary magnetite powder. The phase of boron-containing concentrate powder contains
magnetite, fibrous brucite, and calcium metaborate, as well as associated minerals
such as dolomite, serpentine, and magnesite. The iron grade of boron-containing
concentrate is low, only about 52%. It is uneconomical to use iron as raw material
for iron making or sintering in iron and steel industry. Therefore, it is necessary
to further process the boron-containing concentrate in order to give full play to the
resource advantages of boron-containing concentrate and realize the resource uti-
lization. According to the resource characteristics of boron iron ore, it is imperative
to combine with other iron ore resources to produce magnesium pellets and enhance
the value of magnesium, boron, and other elements in products. Therefore, through a
series of experimental studies, themethod of producing pelletswith boron-containing
concentrate was discussed in this paper [3, 4].

Experimental Methods and Analysis of Raw Material
Performance

Experimental Methods

The equipment used for pelletizing is a disc pelletizerwith a diameter of 800mm.The
rotational speed is controlled for 19 r/min, the inclination angle is 45°, and pelletiz-
ing time is 9 min. After the pelletizing experiment, the green ball with diameters of
10–12.5 mm was screened, and then, the performance index of green ball was
measured such as drop number, compressive strength, moisture content, and burst
temperature.

The equipment used for pellet roasting is pellet roast cup which can simulate the
whole roasting process of belt roaster such as blast drying, exhaust drying, preheating,
roasting, soaking, and cooling. The inner diameter of the roasting cup is 120mm, and
theheight is 400mm.After the roasting experiment, the compressive strength of pellet
was measured and the metallurgical properties of pellets, such as reduction index
(RI), reduction swelling index (RSI), and low-temperature reduction disintegration
indices (RDI), were tested in accordance with relevant national standards.



Experimental Research on Pellet Production … 93

Basic Properties of Raw Materials

Two kinds of iron concentrate powder (ordinary iron concentrate powder and boron-
containing concentrate powder) and one kind of bentonite were used in this exper-
iment. The chemical composition was shown in Table 1, and the particle size
composition was shown in Table 2.

As can be seen from Table 1, the iron grade of ordinary iron concentrate powder is
higher, 69.31%, and the content of SiO2 is 1.84%. The iron grade of boron-containing
concentrate powder is 52.21%, the content of SiO2 is 5.29%, and the content ofMgO
is 10.75%. The particle size of the two kinds of iron concentrates is fine, and the
content of −74 µm is both above 80%. The physical properties of bentonite were
shown in Table 3. Its water absorption rate in 2 h is 375%, and its expansion index
is 13 mL/2 g.

Analysis of Boron-Containing Concentrate Performance

Micro-morphology

The micro-morphology of boronite concentrate powder was observed by scanning
electronmicroscopy (SEM), as shown in Fig. 1. According to themicro-morphology,
the particles of boron-containing concentrate powder are gravel-like, and there are
many fine particles in the coarse particles. The surface of the particles is rough. The
morphology of the particles is relatively favorable for pelletizing.

XRD

The phase of boron-containing concentrate powder was analyzed by XRD, as
shown in Table 4. The boron-containing concentrate contains 76.3%magnetite, 12%
fibromagnesite, and 11.7% CaB2O4.

TG-DSC

The TG-DSC curve of boron-containing concentrate was shown in Fig. 2.
From the TG-DSC curve of boron-containing concentrate in Fig. 2, it can be seen

that there is a weight gain between 300 and 580 °C, which should be the oxidative
weight gain of magnetite; there is a relatively obvious endothermic reaction between
550 and 700 °C, which should be the dehydration and decomposition heat absorption
of fibrous brucite and serpentine. There is a significant weight loss between 600 and
750 °C for boron-containing concentrate. There is little change between 750 and
1000 °C.The endothermic andweightlessness phenomenabetween1000 and1200 °C
should be the re-decomposition of solid solution formed by dolomite decomposition.
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Table 3 Physical properties of bentonite

Colloidal
value
(mL/15 g)

Ethylene blue
adsorbed
(g/100 g)

Expanded
ratio (mL/2 g)

Water
absorption
(%)

−74 µm (%)

Bentonite 375 30.78 13 380 98.50

Fig. 1 Microscopic morphology of boron-containing concentrate powder

Table 4 Phase of boron-containing concentrate powder

Phase Fe3O4 MgBO2(OH) CaB2O4

Proportion 76.3 12 11.7

Fig. 2 TG-DSC curve of boron-containing concentrate
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Experimental Results and Analysis

Results and Analysis of the Pelletizing Experiment

The pelletizing test was carried out by mixing ordinary iron concentrate with boron-
containing concentrate, and the proportion of boron-containing concentrate was
from 0, 20, 40, 60, 80, to 100%. The pelletizing experiment scheme and green ball
performance index were shown in Table 5.

From Fig. 3, it can be seen that the drop number of green ball increases gradually
with the increase of the proportion of boron-containing concentrate powder, while
the compressive strength of green ball does not change much. When the proportion
of boron-containing concentrate powder is 100%, the green ball drop number is 12.3,
and the compressive strength is 10.01 N/P. The main reason for the improvement of
drop number of green ball after adding boron-containing concentrate powder is that
boron-containing concentrate powder is finer and themicro-morphology is beneficial
to the formation of ball.

Results and Analysis of the Preheating Experiment

The compressive strength of preheated pellet is very important for the ring formatting
and stable production of the rotary kiln. According to the analysis of TG-DSC, the
boron-containing concentrate has obvious heat absorption between 550 and 700 °C,
which may have a great influence on the compressive strength of preheated pellet. In
order to study the compressive strength of the preheated pellet after adding boron-
containing concentrate powder, drying and preheating experiment were carried out
on the green ball. In the experiment, the maximum preheating temperature is 930 °C.
The curve of preheating temperature was shown in Fig. 4. The relationship between
the compressive strength of preheated pellet and the proportion of boron-containing
concentrate was shown in Fig. 5.

From Fig. 5, it can be seen that the compressive strength of preheated pel-
let decreases with the increase of the proportion of boron-containing concentrate.
When the proportion of boron-containing concentrate reaches 40%, the compressive
strength of preheated pellet is 515 N/P. If the pellets with boron-containing concen-
trate are produced in the chain-castor-rotary kiln process, it is necessary to increase
the temperature of the preheating section and prolong the preheating time to meet the
decomposition endotherm of boron-containing concentrate, increase the strength of
the preheated pellet, and reduce the ring formation problem of the rotary kiln caused
by the fragility of the preheated pellet when it enters the rotary kiln due to its low
strength.
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Fig. 3 Performance of green
ball with different
proportions of
boron-containing concentrate

Fig. 4 Curve of preheating
temperature

Fig. 5 Relationship between
the compressive strength of
preheated pellet and the
proportion of
boron-containing concentrate

Results and Analysis of the Roasting Experiment

The green ball with different proportions of boron-containing concentrate powder
was roasted in pellet roasting cup. Three roasting experiments were carried out under
different roasting temperatures and roasting time. The roasting temperature of exper-
iment 1was 1250 °C, the roasting timewas 54min (curve 1), the roasting temperature
of experiment 2 was 1230 °C, the roasting time was 54 min (curve 2), the roasting
temperature of experiment 3 was 1200 °C, and the roasting time was 56 min (curve
3). The roasting time curves were shown in Fig. 6.
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Fig. 6 Roasting curves

Fig. 7 Compressive strength
of pellets at different
roasting temperatures and
different proportions of
boron-containing concentrate

It can be seen from Fig. 7 and Table 6 that the compressive strength decreases
with the increase of the ratio of boron-containing concentrate at different roasting
temperatures. The compressive strength of pellet is above 2500 N/P, at 1250 °C; the
compressive strength of pellet can reach above 2500 N/P, when the ratio of boron-
containing concentrate is below 60% at 1230 °C; the compressive strength of pellet
can reach above 2500 N/P, when the ratio of boron-containing concentrate is below
20% at 1200 °C. Generally speaking, the requirement of roasting temperature for
boron-containing concentrate is not high, and the appropriate roasting temperature
should be selected according to the proportion of boron-containing concentrate.

Metallurgical Properties of Pellets Containing Boron

Themetallurgical properties and experiments of pellets containingboronwere carried
out, as shown in Table 7. The results of metallurgical properties experiment show that
the reduction swelling index (RSI), reduction degree index (RI), and low-temperature
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Table 6 Roasting scheme and compressive strength of pellet

Serial
number

Ordinary
iron
concentrate
(%)

Boron-containing
concentrate (%)

Bentonite
(%)

Compressive strength (N/P)

1250 °C 1230 °C 1200 °C

1 100 0 2.0 3012 2735 2597

2 80 20 2.0 2885 2704 2519

3 60 40 2.0 2879 2618 2424

4 40 60 2.0 2705 2552 2355

5 20 80 2.0 2637 2483 2223

6 0 100 2.0 2563 2450 2035

Table 7 Metallurgical properties of pellets containing boron

Iron
concentrate

Boron-containing
concentrate

Bentonite RSI RI RDI Indices

RDI+6.3 RDI+3.15 RDI−0.5

100 0 2.0 15.53 65.34 96.58 97.69 2.13

70 30 2.0 17.35 63.23 97.02 97.23 2.09

50 50 2.0 15.97 63.50 96.45 96.89 2.67

0 100 2.0 14.80 60.59 97.32 97.36 2.48

reduction disintegration indices (RDI) of pellets containing boron have little change
compared with ordinary pellet.

Conclusion

(1) The particles of boron-containing concentrate powder are gravel-like, and there
are many fine particles in the coarse particles. The surface of the particles is
rough. The morphology of the particles is relatively favorable for pelletizing.
The results of pelletizing experiment show that the pelletizing performance
of boron-containing concentrate powder is better, and the performance index
of green ball tends to increase with the increase of the proportion of boron-
containing concentrate. When the proportion of boron-containing concentrate
powder is below 60%, the bursting temperature of green ball can reach 600 °C
under the condition of proper control of moisture content of green ball.

(2) The compressive strength of preheated pellet decreases with the increase of
the proportion of boron-containing concentrate. This is related to the obvi-
ous endothermic reaction between 550 and 700 °C. If the pellets with boron-
containing concentrate are produced in the chain-castor-rotary kiln process, it
is necessary to increase the temperature of the preheating section and prolong
the preheating time to meet the decomposition endotherm of boron-containing
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concentrate, increase the strength of the preheated pellet, and reduce the ring
formation problem of the rotary kiln caused by the fragility of the preheated
pellet when it enters the rotary kiln due to its low strength.

(3) The compressive strength decreases with the increase of the ratio of boron-
containing concentrate at different roasting temperatures. Generally speaking,
the requirement of roasting temperature for boron-containing concentrate is not
high; the appropriate roasting temperature should be selected according to the
proportion of boron-containing concentrate.

(4) The reduction swelling index (RSI), reduction index (RI), and low-temperature
reduction disintegration indices (RDI) of pellets containing boron have little
change compared with ordinary pellet.
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Leaching of Platinum Group Metals
from Automobile Spent Catalyst

Sujun Lu, Dalin Chen, Peng Zhang, Guoju Chen, Yan Zhang, Yujun Pan,
Ruikang Wang, Jinxi Qiao, Xintao Sun and Ailiang Chen

Abstract Automobile spent catalyst is leached for recovering platinum group met-
als using oxidizing acid leaching. Hydrogen peroxide is regarded as oxidant and
hydrochloric acid as leaching reagent. The experimental results show that the best
conditions are as follows: the concentration of hydrochloric acid is 6mol/l, the liquid-
solid ratio is 10:1, the reaction temperature is 9 5 °C, the volume ratio of hydrogen
peroxide to raw material is 5 ml/g, and the reaction time is 2 h. Under the above con-
ditions, the leaching ratio of platinum, palladium, and rhodium are 93.9%, 99.8%,
and 86.9%, respectively. In this study, the platinum group metal is directly recovered
from the automobile spent catalyst, achieving a good leaching effect. This provides
a feasible method for the effective treatment of the automobile spent catalyst.

Keywords Automobile spent catalyst · Platinum group metals · Hydrogen
peroxide · Acid leaching

Introduction

Platinum group metals play an extremely important role in science and technology,
new energy resources, and other fields as non-renewable. They are also indispensable
strategic resources for the sustainable development of national economy [1]. What’s
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more, platinum group metals have unique ability to purify automobile exhaust, more
than 60% of them are used as catalysts for automobile exhaust purifiers each year [2,
3]. It is investigated that a light gasoline vehicle needs about 3–5 g of platinum group
metal. The higher the amount of platinum group metal used, the less exhaust gas is
usually emit [4]. The catalysts for automobile exhaust purifier are always composed
of the carrier of cordierite (2MgO·2Al2O3·5SiO2), the coating of Al2O3 (γ-Al2O3),
the active component of platinum group metals, and auxiliary agent (CeO2). It can
effectively remove pollutants from automobile exhaust and the removal rate can
achieve 99% [5]. Therefore, a large number of catalysts for automobile exhaust
purifier have been put into use since the 1970s in order to reduce the impact of
automobile exhaust on air pollution. However, this catalyst does not last too long
because of the inactivation of one component or the discarding of the vehicle. With
the large use of catalyst of automobile exhaust purifier, a lot of waste catalyst will
be produced every year. The demand of automotive exhaust gas purification catalyst
in 2018 is very high [6].

At present, the two most common technique removing platinum group metals
from waste catalysts were pyrometallurgy and hydrometallurgy [7]. The recovery
of Pt, Pd, and Rh from waste catalyst by the copper capture method was studied.
The result showed that the capture rates of Pt, Pd, and Rh were 98.2, 99.2, and
97.6% [8]. Pyrometallurgical processes require high energy consumption, and its
technological process is more complex. At the same time, this method has more
serious environmental pollution. Liu Gongzhao studied the recovery of Pd from Pd-
Al2O3 waste automobile exhaust gas catalyst using H2SO4 and the recovery rate was
over 97% [9]. Hydrometallurgy processes are more simple and effective. And the
recovery rate of platinum group metals is higher. The Kunming Institute of Precious
Metals [10, 11] also achieved a good leaching rate by using the pyrometallurgy and
hydrometallurgy.

Therefore, hydrometallurgy process is chosen to conduct the optimum condition
of the leaching of the platinum group metals. And it is also useful for subsequent
metal recovery. According to the composition of the cordierite carrier, platinum is
wrapped in the coating ofAl2O3. In the experiment, hydrochloric acid is used to leach
the metals, and hydrogen peroxide is added as an oxidant. In this way, a complex of
platinum group metal is dissolved in the solution, which will improve the leaching
rate of platinum group metals.

Experimental

Materials

The raw material, waste catalysts for automobile exhaust purifier, is provided by a
Chinese company. Its composition is listed in Table 1. The raw material was ground
to obtain a powdery sample having a particle size about of 20 μm.
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Table 1 Main content of elements in waste catalyst

Elements PGM’s (g/t) Other metal (%)

Pd Pt Rh Al2O3 SiO2 MgO Ce Zr

Content 1310 712 162 39.06 31.66 4.6 3.53 3.83

Elements Fe Mn Ba La

Content 1.37 1.18 0.76 0.61

Method

10 g of the raw material was added to a certain concentration of hydrochloric acid.
The reactionwas stirred at a certain temperature. After the reaction timewas reached,
filtration was carried out to obtain a filtrate rich in copper, cobalt, nickel, and zinc.
The contents of platinum, palladium, and rhodium in the filtrate were determined
by ICP (Thermo Scientific ICAP 7200 Radial, Thermo Fisher Science, USA). The
leaching ratio was calculated from the content of elements in the filtrate. The specific
calculation formula is:

η = c × V × n

M × m
× 100% (1)

where

c is the concentration of the element in the sample measured by ICP, ppm;
V is the volume of leaching solution, ml;
n is the dilution factor;
M is the mass of the element in each gram of raw material, mg;
m is the mass of the raw material before the experiment, g.

Results and Discussion

The platinum group metals usually exist in automobile spent catalyst in the form
of the elementary substance. Platinum group metals are generally poorly soluble in
acids. They only form complexes in the presence of strong acids and oxidants [12].
As a result, the leaching process needs the oxidizing reagents, which can confirm
a certain amount of potential, except for the chloridoid and hydron supplying the
acidity to effectively leach. Sodium chlorite and hydrogen peroxide were commonly
used as oxidizing reagents. This section also uses the hydrogen peroxide to extract
the platinum, palladium, and rhodium in the automobile spent catalyst.
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Fig. 1 Effect of
hydrochloric acid on
leaching ratio
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Figure 1 shows the effect of hydrochloric acid concentration on leaching ratio of
platinum, palladium, and rhodium under the condition of the liquid-solid ratio of
10:1, the reaction temperature of 80 °C, the volume ratio of hydrogen peroxide to
raw material 100 ml/L, and the reaction time of 1 h.

According to Fig. 1, the leaching ratio of platinum, palladium, and rhodium only
can up to 18%, 92%, and 22%, respectively, at the concentration of the hydrochloric
acid was 1 mol/L. The reason is that a part of palladium metal was already oxi-
dized to palladium oxide, which was in dissolvable in this system. H2O2 is added for
leaching platinum group metals. Palladium is oxidized to palladium oxide as time
increases. But palladium oxide is insoluble in acid solution [13]. As the concentra-
tion of hydrochloric acid increases, the leaching ratio of palladium is almost stable
while that of platinum and rhodium go up constantly. When the concentration of the
hydrochloric acid comes to 6 mol/L, the leaching ratio of platinum and rhodium go
up to 94.31% and 62.51%, respectively. When the concentration of the hydrochloric
acid comes to 8 mol/L, the leaching ratio of platinum and rhodium only climb 3.00%
and 4.89%, respectively. As a result, considering the severe corrosion to the facility
with the acid concentration increases. We chose the optimum condition for leaching
when the concentration of sulfuric acid is 6 mol/L.

Effect of the Ratio of Liquid to Solid

The experimental conditions are controlled at the condition as follows: the reaction
temperature is 80 °C, the concentration of the hydrochloric acid is 6 mol/L, the
volume ratio of hydrogen peroxide to rawmaterial is 100 ml/L, and the reaction time
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Fig. 2 Effect of liquid to
solid ratio on leaching ratio
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is 1 h. This mainly considers the effect of the liquid-solid ratio on the leaching ratio
of the platinum group metals. And the experimental results are shown in Fig. 2.

According to Fig. 2, with the liquid-solid ratio increasing, the leaching ratio of
palladium is nearly stable, whereas that of platinum and rhodium is growing contin-
uously. Such as, when the liquid-solid ratio increases from 2:1 to 10:1, the leaching
ratio of platinum and rhodium goes up more than 10%. This means the increasing
concentration of the reactants can strengthen the leaching process of those two met-
als. It decreases the potential of the leaching process and increases the leaching ratio.
This verifies the thermodynamic calculation. As a result, it shows that the best leach-
ing liquid-solid ratio is 10:1. Zheng xiangjiang’s study also showed that the leaching
rate of palladium was the highest when the liquid-solid ratio was 10:1 [14].

Effect of Hydrogen Peroxide Consumption

Figure 3 shows the effect of hydrogen peroxide ranging to 10 M on leaching ratio of
platinum group metals at the temperature of 80 °C, the HCl concentration of 6 M,
the reaction time of 1 h and 10:1 of liquid-solid ratio.

As can be seen from Fig. 3, the leaching ratio of Pt and Rh is only about 38
and 40%. That of Pd is about 82% when hydrogen peroxide is not added. With the
increase of hydrogen peroxide, the leaching ratio of Pt, Pd, and Rh also increases.
At the dosage of 5 ml hydrogen peroxide, the leaching ratio of Pt, Pd, and Rh has
the maximum value of about 99, 90, and 68%. The leaching ratio of Pt, Pd, and
Rh will decrease slowly if hydrogen peroxide exceeds 5 ml. The leaching potential
of the whole system has increased with the increase of hydrogen peroxide, which
prompts the balance of the leaching reaction to the positive direction.However, excess
hydrogen peroxide will react with Cl− in the solution to form hypochlorous acid. It
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Fig. 3 Effect of hydrogen
peroxide consumption on
leaching ratio
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makes some metal ion oxidized, leading to the ratio decrease. Therefore, hydrogen
peroxide needs to be added slowly during the leaching process. If added at one time,
Cl− in the leaching system will be definitely reduced and hydrogen peroxide will be
wasted.
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Effect of Reaction Temperature

Figure 4 shows the effect of reaction temperature on the leaching ratio of platinum
group metals under the condition as follows: HCl concentration is 6 M, the liquid-
solid ratio is 10:1, the reaction time is 1 h, and the hydrogen peroxide is 5 ml.

It can be seen that the leaching ratio of Pt, Pd, and Rh increases with increas-
ing temperature. The leaching ratio of Pt, Pd and Rh increases to 7%, 71%, 63%,
respectively, when the reaction temperature rises from 18.8 to 95 °C. According to
the Arrhenius formula, reaction rate constant K = A exp [−Ea/(RT)] (Ea is activa-
tion energy and A is pre-exponential factor; R is the molar gas constant; and T is
thermodynamic temperature). With the increase of temperature, the rate of reaction
speeds up, the activation energy of the reaction reduces, and the proportion of active
molecules increases. It enhances the leaching reaction [15]. However, the water solu-
tion begins to boil and the saturated vapor pressure increases when the temperature
rises to 100 °C. A large number of hydrochloric acid, hydrogen peroxide, and chlo-
rine and oxygen generated by hydrogen peroxide will also spill out of the solution
quickly. Therefore, 95 °C is regarded as the most appropriate reaction temperature.

Effect of Reaction Time

Under the condition of HCl of 6M, liquid-solid ratio of 10:1, 5ml hydrogen peroxide
and the reaction temperature of 95 °C, the effect of the reaction time (0.5, 1, 2, 4,
6 h) on leaching ratio of platinum group metals is shown in Fig. 5.

The platinum group metals have been leached mostly during the first 30 min, and
the leaching ratio of Pt, Pd, and Rh are basically stable at 99.8%, 93.9%, and 86.87%,
respectively, when reacting is 1 h. With the extension of reaction time, the capacity

Fig. 5 Effect of reaction
time on leaching ratio
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of leach decreased, and the increase of leaching ratio is not obvious in the late. In
terms of energy consumption, 1 h may be the best leaching time.

Conclusion

The experimental conditions for the leaching of platinumgroupmetalswith hydrogen
peroxide are as follows: hydrochloric acid concentration is 6 mol/l, liquid-solid ratio
is 10:1, reaction temperature is 95 °C, hydrogen peroxide is used as raw material,
5 ml, reaction time is hour. The leaching ratio of platinum, palladium, and rhodium
are 93.9%, 99.8%, and 86.9%, respectively.
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Characterization on the Behaviors of Ca
and Si Constituents During
the Consolidation of Ferruginous
Manganese Ores

Bingbing Liu, Ruijie Li, Shengpeng Su and Yuanbo Zhang

Abstract Consolidation of the ferruginous manganese ore fines is of vital impor-
tance for manganese extraction in the smelting process. The main impurities in the
Fe–Mn ores are Ca and Si constituents and they have a significant effect on the
consolidation of iron and manganese oxides. In this study, characterization on the
behaviors of Ca and Si constituents during the roasting process of Fe–Mn ores were
investigated by thermodynamic, fusion temperatures, and phase identification anal-
yses. The results showed that the Ca and Si constituents can decrease the fusion
temperature of the MnO2–Fe2O3 binary system dramatically due to the formation of
low-melting complicate silicates from the CaO, SiO2, and partial manganese and iron
oxides. The high-melting solid manganese ferrites phase generated from the remain-
ing manganese and iron oxides were bonded and solidified by the liquid phase. This
provided favorable mineralization conditions for the consolidation of Fe–Mn ore.

Keywords Consolidation · Elemental behaviors · Ferruginous manganese ores ·
Mineralization

Introduction

As rich manganese ores are used up gradually, much attention is paid to extract and
recover manganese from Fe–Mn ores to satisfy the developing requirement of man-
ganese industry [1, 2]. Ferruginous manganese ore (Fe–Mn ore) fines are one kind of
important manganese resources for manganese extraction by pyrometallurgical ben-
eficiation process in blast furnace [3–7]. However, in order to achieve ideal smelting
effect in the blast furnace, Fe–Mn ore fines or concentrates must be agglomerated
before being charged into blast furnace [8, 9].
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Sintering is considered as the most efficient process to supply qualified furnace
burden with superior chemical and physical properties. Efficient mineralization of
Fe–Mn ore fines promotes the energy saving and reduction of consumption for the
manganese industry. As well known, the appropriate amount of liquid phase genera-
tion during the sintering process is beneficial to the consolidation of the sinters. Man-
ganese oxides and iron oxides are themainminerals of the Fe–Mn ores. The sintering
behaviors of the MnO2–Fe2O3 binary system have been systematically investigated
in our previous works [10–14]. However, it is found that the main phase after high-
temperature roasting is high-melting solid manganese ferrite, and the coke breeze
consumption for the sintering process is as high as 8–10% [8]. For the high-carbon
ferromanganese alloy production, flux method with basicity of m(CaO)/m(SiO2)
(m(CaO)/m(SiO2) refers to the mass ratio of CaO and SiO2) in range of 1.3–1.5 was
adopted in blast furnace and extra raw alkaline fluxesmust be added into the smelting
furnace if the Fe–Mn sinters with natural basicity was used as burdens [1].

In consideration of above-mentioned situation, alkaline fluxes were added in
advance into the sintering process of the Fe–Mn ore fines to intensify the liquid
phase generation and realize the reduction of solid fuel consumption. In this work,
the characterization on the behaviors ofCa andSi constituents during the roasting pro-
cessing of Fe–Mn ores were investigated to determine the suitable m(CaO)/m(SiO2)
for the efficient mineralization of Fe–Mn ore fines.

Experimental

Materials

Fe–Mn ore used in the present work are with 14.2%Mn metal, 30.6%Fe metal,
18.63%SiO2, and 0.22%CaO, respectively. The Mn/Fe mass ratio is 0.46 and this
ore is characterized as a typical Fe–Mn ore. The main phases of the Fe–Mn ores
are goethite, pyrolusite, and quartz. In order to study the effect of different basicity
on the consolidation behaviors of Fe–Mn ores, the chemically pure SiO2, and CaO
powders were used as the additives.

Roasting Process

Before roasting, the Fe–Mn ore powders with and without additives were evenly
mixed and then the mixture was briquetted by a mold into cylindrical briquette with
a diameter of 10 mm and height of 15 mm at a pressure of 10 MPa, and then the
cylindrical briquettes were dried at 110 °C for 4 h. The dried briquettes were roasted
in a horizontal resistance furnace with air atmosphere and then cooled for the phase
analysis.
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Characterization

FactSage 7.4 thermodynamic softwarewas used to analyze the liquid phase formation
of the MnO2–Fe2O3–CaO–SiO2 system. The “Equlib” module was adopted and the
used databases were “FToxid” and “FactPS”.

As for the characteristic fusion temperatures of the Fe–Mn ore with and without
additives, the powders mixtures were shaped by a mold into pyramids with bottom
side length of 5 mm and vertical height of 12 mm. After that, the pyramids were
roasted in a horizontal resistance furnace. The external shape change of the sample
was continuously recorded by a camera every 10 s during the preheating process
with a heating rate of 10 °C/s. Three characteristic temperatures were distinguished
to determine the soft and fusion characteristics. The characteristic temperatures were
estimated according to: (1) deformation temperature (TD), determined by the tem-
perature at which the tip of the pyramid becomes spherical or curved; (2) sphere tem-
perature (TS), determined by the temperature at which the whole pyramid deforms to
be hemispheric; (3) flow temperature (TF): determined by the temperature at which
the pyramid melts until the vertical height is less than 1.5 mm.

Liquid Phase Formation of the MnO2–Fe2O3–CaO–SiO2
System

Effect of SiO2 Content

MnO2, Fe2O3, and SiO2 are the main components of the Fe–Mn ores.MnO2–Fe2O3–
SiO2 system is themain ternary system and is also the benchmark for the comparative
study. Based on the characteristic of the Fe–Mn ore described in this work, the molar
ratio of MnO2 and Fe2O3 is fixed as 1:1. Liquid phase formation of the MnO2–
Fe2O3–SiO2 system is calculated and listed in Fig. 1. The SiO2 content is in the
range of 0–35% and the temperature range is 1250–1600 °C.

As shown in Fig. 1, under the same temperature, the mass percentage of liquid
phase of the MnO2–Fe2O3–SiO2 system is increased with the increase of SiO2 con-
tent. As the temperature increased from 1250 to 1600 °C under the constant SiO2

content, the mass percentage of liquid phase of the MnO2–Fe2O3–SiO2 system is
increased rapidly to a maximum and then kept at a steady state when the temperature
is further increased to 1600 °C. In special, when the SiO2 content is 0, the liquid
phase of the MnO2–Fe2O3 system is scarcely generated. In other words, the fusion
point of the MnO2–Fe2O3 system is over 1600 °C. This result indicates that the solid
fuel consumption is very high to guarantee the mineralization of Fe–Mn ores with
lower SiO2 content.
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Fig. 1 Effect of SiO2 content and temperature on the mass percentage of liquid phase in MnO2–
Fe2O3–SiO2 system

On the other hand, it is also found that the temperatures for 40% liquid phase
formation of the MnO2–Fe2O3–SiO2 system with different SiO2 contents decrease
from1510 to 1350 °Cwith theSiO2 content increase from5 to 15%. It is demonstrated
the presence of the SiO2 can accelerate the formation of the liquid phase.

Effect of CaO Content

The CaO content of the Fe–Mn ore is less than 1%. In order to determine the effect
of CaO/SiO2 on the liquid phase formation of MnO2–Fe2O3 system, the MnO2–
Fe2O3–CaO system was also investigated for comparison. The molar ratio of MnO2

and Fe2O3 is also fixed as 1:1. The liquid phase formation of the MnO2–Fe2O3–CaO
system was shown in Fig. 2.

As displayed, the mass percentage of liquid phase of the MnO2–Fe2O3–CaO
system increased with the increase of CaO content. The presence of the CaO can
also facilitate the formation of the liquid phase. For the MnO2–Fe2O3–SiO2 system,
the initial temperatures for liquid phase formation is about 1250–1275 °C. However,
the initial temperatures for liquid phase formation of the MnO2–Fe2O3–CaO system
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Fig. 2 Effect of CaO content and temperature on the mass percentage of liquid phase in MnO2–
Fe2O3–CaO system

decrease to 1150–1200 °C. The above results indicated that CaO addition was able
to decrease the fusion temperature and conducive to mineralization of the Fe–Mn
ore.

Effect of CaO/SiO2

Effect ofCaO/SiO2 and temperature on themass percentage of liquid phase inMnO2–
Fe2O3–CaO–SiO2 system with 5% SiO2 is drawn in Fig. 3. The m(CaO)/m(SiO2) is
in the scope of 0–1.2. As shown in Fig. 3a, the mass percentage of liquid phase is
increased continuouslywith the increase of temperature.Comparedwith the effects of
SiO2 and CaO, the initial temperatures for liquid phase formation decrease to 1140–
1180 °C. This indicates combined addition of CaO and SiO2 can further decrease
the fusion temperature of the MnO2–Fe2O3–CaO–SiO2 system.

As shown in Fig. 3b, below 1260 °C, the mass percentage of liquid phase is
increased firstly and then decreased with the increase of m(CaO)/m(SiO2) from 0 to
1.2. When the temperature is increased over 1280 °C, the mass percentage of liquid
phase is increased sequentially with the increase of m(CaO)/m(SiO2) from 0 to 1.2.
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Fig. 3 Effect of m(CaO)/m(SiO2) and temperature on the mass percentage of liquid phase in
MnO2–Fe2O3–CaO-SiO2 system with 5% SiO2
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Effect ofm(CaO)/m(SiO2) and temperature on the compositions of liquid phase in
MnO2–Fe2O3–CaO–SiO2 system with 5% SiO2 is presented in Fig. 4. In the ternary
system of MnO2–Fe2O3–SiO2, the main compositions in the liquid phase are SiO2,
FeO, Fe2O3, MnO, and Mn2O3. With the increase of temperature, the Fe2O3 and
Mn2O3 contents increase while the SiO2 content decreases. In the quaternary system
of MnO2–Fe2O3–CaO–SiO2, the main compositions in the liquid phase are CaO,
SiO2, FeO, Fe2O3, MnO, and Mn2O3. The CaO and SiO2 contents decrease with

Fig. 4 Effect of m(CaO)/m(SiO2) and temperature on the compositions of liquid phase in MnO2–
Fe2O3–CaO–SiO2 system with 5% SiO2
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the increase of temperature. Note that, when the m(CaO)/m(SiO2) is 1, the changing
curves of CaO and SiO2 are overlapping. The decreasing phenomenon is ascribed
to the strong chemical bonding ability of CaO and SiO2 to form the high-melting
calcium silicate, and the solid phase is separated out from the liquid phase.

Effect of CaO/SiO2 on Melting Performance

The fusion characteristic temperatures of Fe–Mn ore roasted under air atmosphere
are shown in Fig. 5. As presented in Fig. 6, the deformation, sphere, and flow tem-
peratures decrease with the increase of SiO2 content and m(CaO)/m(SiO2). The flow
temperature decreases form over 1600 to 1375 °C as the SiO2 content increases from
0 to 30% (Fig. 6a). In special, the flow temperature of the rawmaterial with 18%SiO2

Fig. 5 Fusion characteristic temperatures of Fe–Mn ore roasted under air atmosphere a effect of
SiO2 content, b effect of CaO/SiO2

(a) (b)

Fig. 6 SEM image of the Fe–Mn ore a with CaO/SiO2 of 0.7 roasted at 1300 °C b
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is 1487 °C. As shown in Fig. 6b, the flow temperature of the Fe–Mn ore decreases
form over 1487 to 1240 °C as the m(CaO)/m(SiO2) increases from natural basicity to
1.5. It’s economically and technologically reasonable to add the CaO to the sintering
process of Fe–Mn ore for the high-carbon ferromanganese alloy production due to
the addition of CaO can decrease the fusion temperature the Fe–Mn ore and also
reduce the extra addition of CaO flux in the blast furnace operation.

Discussion on the Ca and Si Behaviors

The SEM image of the Fe–Mn ore with m(CaO)/m(SiO2) of 0.7 roasted at 1300 °C
is shown in Fig. 6. It can be seen from Fig. 6a that the microstructure of the raw Fe–
Mn ore is complicated and the quartz particles are distributed in the pyrolusite and
goethite. After roastingwith addition ofCaO, themineral phases in the Fe–Mnore are
reconstructed. As observed from Fig. 6b, two main phase of manganese ferrites and
silicates are observed. The solid manganese ferrites with melting temperature over
1600 °C are scattered in the low-melting complicate silicates. During the roasting
process, the CaO, SiO2, and partial manganese and iron oxides (FeO, Fe2O3, MnO,
and Mn2O3) are formed the low-melting complicate silicates. The solid manganese
ferrites phase is bonded and solidified by the liquid phase. Under this favorable
mineralization conditions, the Fe–Mn ore sinter has good mechanical strength.

Conclusions

In this study, characterization on the behaviors of Ca and Si constituents during the
consolidation of ferruginous manganese ores was investigated by thermodynamic,
fusion temperatures, and phase identification analyses. The thermodynamic results
showed that the melting temperature of the MnO2–Fe2O3 system was over 1600 °C,
while the Ca and Si constituents can decrease the melting temperature of the MnO2–
Fe2O3 system dramatically due to the formation of liquid phase. The initial tem-
peratures for liquid phase formation of the MnO2–Fe2O3 system with SiO2, CaO,
and SiO2 + CaO addition decreased to 1250 °C–1275 °C, 1150 °C–1200 °C, and
1140 °C–1180 °C, respectively. When the Fe–Mn ore with m(CaO)/m(SiO2) of 0.7
was roasted at 1300 °C, CaO, SiO2, and partial manganese and iron oxides (FeO,
Fe2O3, MnO, and Mn2O3) were formed to the low-melting complicate silicates.
The solid manganese ferrites phase generated from the remaining manganese and
iron oxides are bonded and solidified by the liquid phase. This provided favorable
mineralization conditions for the consolidation of Fe–Mn ore.
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Microscopic Appearance Transformation
of Bornite During Acid Leaching
and Bioleaching

Hao Lin, Jun Wang, Yuling Liu and Yi Zhou

Abstract The microscopic appearance transformation of bornite during leaching
and bioleachingwas investigated in this article. Leaching experiments, X-ray diffrac-
tion (XRD), scanning electron microscope (SEM), and energy dispersive spectrom-
eter (EDS) were conducted to investigate the microscopic appearance of bornite in
the presence of Leptospirillum ferriphilum (L. ferriphilum) and sterile condition.
The leaching and bioleaching experimental results showed that the recovery of acid
leaching was 29.117%while the recovery of bioleaching was 51.328%, whichmeans
that the presence of L. ferriphilum significantly improved recovery of copper. The
SEM imaging revealed that the bioleaching sample surface is rougher than sterile
leaching sample due to surface roughness of the bornite increased with oxidation
potential.

Keywords Scanning electron microscope · Bornite · Bioleaching · Leptospirillum
ferriphilum
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Introduction

Nowadays, the grades of copper ores are falling continuously as the higher grade
resources are extensively exploited and progressively depleted [1, 2], the consump-
tion of energy and emission of greenhouse gas in the production of copper by tra-
ditional industrial methods increase significantly, which leads to the increase of
economic and environmental cost [3]. Hydrometallurgy and biohydrometallurgy are
considered as important mineral processing techniques in processing low grade ores
as it is simple, low cost, and eco-friendly [4], but most studies focused on chal-
copyrite [5–7] and few reports about bornite bioleaching have been published. As a
secondary copper sulfide, bornite is an important source of copper. Therefore, the
development of porphyry processing can bring great returns, from the perspective of
economic and social development. As a result, the oxidation of bornite has been the
subject of extensive research in recent years. Most of these works were focused on
studying bornite dissolution mechanisms during leaching because it is still ambigu-
ous, but only few researchers studied on microscopic appearance transformation of
bornite during leaching[8, 9]. Surface oxidation of bornite is a very important part of
extracting copper and is critical to understanding and controlling microscopic sur-
face changes of secondary copper sulfide in leaching. As a powerful surface analysis
method, scanning electron microscope (SEM) has been widely applied in various
fields such as material processing, mineral processing, and battery manufacturing
[10–12].

The present work seeks to contribute to a better understanding of microscopic
appearance transformation of bornite during acid leaching and bioleaching by
identifying bornite surface oxidation microscopic appearance.

Materials and Methods

Minerals

Bornite sampleswere purchased fromMeizhou, Guangdong Province, China. Chem-
ical analysis showed that the bornite sample contained (w/w) 60.62% Cu, 11.74%
Fe, and 23.83% S. XRD result indicated that bornite used in the study was of high
purity (Fig. 1).

Microorganisms and Bioleaching Experiments

The domestication of L. ferriphilum was conducted in 1000 mL flasks that include
12 g mineral and 600 mL iron-free 9 K basic salt medium. All basic solutions were
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Fig. 1 X-ray powder
diffraction analysis of
bornite
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autoclaved at 121 °C for 20 min. Planktonic cells were collected from bacteria solu-
tion in logarithmic phase by centrifugation, and then the collected bacteria are used
for bioleaching experiments. Bioleaching experiments were conducted in 250 mL
flasks containing 100 mL sterilized basal medium. 1 mL of a bacteria culture as
well as 1 g bornite was added to each flask, which were then incubated at 45 °C
and 170 rpm on a rotary shaker. The initial cell concentration was higher than 1.0
× 107 cells/mL. Evaporation loss was compensated periodically by adding distilled
water, and the pH was adjusted to 1.50 ± 0.03 with sulfuric acid on the first day.
During the bioleaching process, the variation of pH value, redox potential, and the
concentrations of ferric, ferrous, and copper were measured. Leaching characteris-
tics of pH value, redox potential, concentrations of total copper, total iron and Fe(II)
were measured every day. Evaporation loss was compensated with distilled water.
The sampling loss was supplemented with the same volume of sulfuric acid or iron-
free 9 K medium (pH = 1.5). In the end of leaching tests, the residues were filtered
from leaching solution through qualitative filter papers (medium speed), rinsed with
pH= 1.5 sulfuric acid and distilled water, and then air dried to send for XRD analysis
and SEM observations.

Analysis Methods

The solution pH values were measured by PHS-3C type pHmeter. And redox poten-
tial was measured in the potential profile of PHS-3C type pH meter by using a
platinum electrode with an Hg/HgCl2 reference electrode (SCE). Chemical analysis
was conducted byX-ray fluorescence, using anX-ray fluorescence S4 Explorer spec-
trometer (Bruker AXS, Germany). The X-ray tube (Rh tube with a 75 μm window)
was set at 40 kV and 15 mA and the sample powder was scanned over the range
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of 5°–85°. The concentration of copper ion and iron was determined by BCO spec-
trophotometry and o-phenanthroline spectrophotography, respectively (their corre-
lation coefficient of standard curve-r is greater or equal to 0.999). The XRD analysis
of mineral samples was performed by a Bruker D8 Advance X-Ray diffractometer
(Cu Kα, λ = 1.5406 Å) with an operating voltage of 40 kV, temperature of 25 °C,
current of 40 mA, steps of 0.004°, and a step time of 28.5 s in the range of 2θ from
10° to 80°. MDI Jade 6 software was used for the assignment of all diffraction peaks
by reference to PDF-2004 standard cards. SEM observations were performed with a
Nova NanoSEM 230 scanning electron microscope coupled with EDS (FEI Electron
Optics B.V, Czech).

Results and Discussion

Leaching Test

The variations of solution pH, ORP, copper extractions and cell concentration during
leaching test of bornite were shown in Fig. 2. It was shown that the dissolution of
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Fig. 2 Variations of solution pH (a), ORP (b) copper extractions (c), and cell concentration
(d) during leaching test
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Fig. 3 XRD patterns of residues after leaching for 13 days. aAcid leaching, b Bioleaching

bornite was an acid-consuming process [13] and the solution pH increased faster in
bioleaching which means that bioleaching consumed more acid than acid leaching
in this test. The solution ORP increased slowly in the first eight days, and then
successively increased from 339.75 to 371.75 mV in bioleaching due to bacterial
activity such as oxidation of ferrous to ferric iron [14] while the ORP of acid leaching
contained a stable region the next few days. The copper extractions of both test
increased rapidly in the first days, then it went smoothly. And at ninth day, the copper
extractions of bioleaching increased slowly while acid leaching stopped at 29.117%,
and it stopped at 51.328% finally. As shown in Fig. 2b, c, copper concentration was
related to solution ORP.

The Characterization of Leaching Residues

As shown in Fig. 3a, b, many distinct diffraction peaks of chalcopyrite (CuFeS2),
mooihoekite (Cu9Fe9S16), and nukundamite (Cu3.38Fe0.62S4) were detected in the
residues. Some researchers [3, 13] also obtained a similar conclusion when studying
phase transformation of bornite during acid leaching and bioleaching. The intensity
of chalcopyrite peaks for bioleaching had a decline as compared with acid leach-
ing, and a broad diffraction bump appeared in the 2θ range of 25°–50°, implying
the occurrence of amorphous copper ferric and sulfur. These results indicated that
the presence of L. ferriphilum promotes phase transition in bornite dissolution and
improved copper extraction which was connected with leaching test.

Figure 4 shows the SEM images of bornite leached by 9Kmedium in the presence
and absence of L. ferriphilum. As presented in Fig. 4b, c, some new products with
high crystallinity were almost completely covered on the surface of bornite during
acid leaching and bioleaching, which proved to be mooihoekite and nukundamite
by the method of XRD shown in Fig. 3. In leaching test, a considerable amount of
precipitates containing mooihoekite and amorphous copper ferric and sulfur were
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Fig. 4 SEM micrographs of bornite sample (a), after acid leaching for 13 days (b), and after
bioleaching for 13 days (c)

coated on the sample surface (Fig. 4b, c). And the products were loose and even some
have fallen off from the sample particles. Based on the results of XRD, the product
was confirmed to be amorphous copper ferric and sulfur.

It is notable that the presence of L. ferriphilum further damaged the bornite surface
compared with acid leaching which provided more surface area to make bornite
furthermore dissolution. And as shown in SEM pattern (Fig. 4b, c), sample surface
was much rougher in bioleaching than acid leaching. In EDS analysis (Table 1),
we have found there were more element oxygen, ferric, and less element copper
in sample surface during bioleaching compared with acid leaching due to bacterial

Table 1 EDS analysis results (wt%)

Sample Cu Fe S O K Ag

a 61.97 13.91 23.71 0.41

b 70.59 13.64 11.03 4.77

c 31.68 29.4 16.22 18.17 4.52

abornite
bacid leaching 13 days
cbioleaching 13 days
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oxidated of ferrous to ferric iron to reproduction and other activities which provided
higher ORP [15, 16]. In a word, sample surface in bioleaching is rougher than sterile
leaching sample due to surface roughness of the bornite increased with oxidation
potential.

Conclusion

The microscopic appearance transformation of bornite during acid leaching and
bioleaching was investigated by leaching experiments, scanning electron micro-
scope(SEM), and energy dispersive spectrometer (EDS). The leaching results showed
that the presence of Leptospirillum ferriphilum significantly promoted copper con-
centration and consumedmore acid during leaching test. The SEM and EDS imaging
revealed that the bioleaching sample surface is rougher than sterile leaching sample
due to surface roughness of the bornite increased with oxidation potential.
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Pb(II) Removal from Acidic Wastewater
by Magnetic Manganese Ferrites
Synthesized from Ferromanganese Ores

Jia Wang, Zijian Su, Manman Lu, Juan Wang and Yuanbo Zhang

Abstract Pb(II) is a typical toxin in industrial wastewater, which has significant
pollution risk for drinking water sources. Magnetic manganese ferrites are a proven
recyclable adsorption material on account of their excellent ferromagnetism. In this
study, manganese ferrites adsorbent synthesized from ferromanganese ore were used
for Pb(II) removal from acid wastewater. Thermodynamic calculation and adsorption
tests were conducted. Under optimal conditions, the removal ratio of Pb(II) reached
99.4% when initial Pb(II) concentration was 10 mg/L (pH = 5), and the residual
Pb(II) concentration was reduced to lower than 0.1 mg/L. The results indicated
that the synthetic manganese ferrites were an excellent magnetic adsorbent, which
was easy to be separated and recycled. The adsorption mechanism was explored by
isothermal adsorption analysis using ϕ-pH and ICP.

Keywords Manganese ferrites · Pb(II) removal ·Magnetic adsorbent

Introduction

Heavy metals (Cu, Pb, Zn, Cr, etc.) are the main pollutants in effluents discharged
from the battery, smelting, printing, and dyeing industries [1]. Among these metal
ions, Pb(II) is the most common and typical contaminant in industrial wastewa-
ter. Due to the non-biodegradability and bioaccumulation of lead ions, it has been
reported that Pb(II) concentrations in drinking water exceeding the acceptable limit
(0.1 mg/L) can cause great harm to humans [2]. Therefore, removing Pb(II) from
wastewater is an important and urgent task for protecting human health and the
environment. Many effective heavy metal removal methods have been developed,
such as chemical precipitation, ion exchange, membrane filtration, electrochemical
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treatment and adsorption [3]. Adsorption is one of the most effective water purifi-
cation methods due to its flexibility, low cost, high efficiency, and environmental
friendliness. Therefore, studying various adsorbents for water treatment has become
a research hotspot.

Spinel magnetic ferrites MFe2O4 (M=Mn, Ni, Co, etc.) have recently been
reported to be effective adsorbents for Pb(II) removal because of their obtainability,
high magnetic permeability and easy separation from water [4]. Among the differ-
ent types of spinel ferrites, magnetic manganese ferrite MnFe2O4 was a promising
adsorbent because it was easily functionalized with chemical groups to increase its
affinity for heavy metals. In addition, MnFe2O4 has a very stable structure, wherein
theMn2+ and Fe3+ occupy tetrahedral and octahedral cation sites in the spinel lattice,
respectively, which ensures high chemical stability in acidic conditions. To date,
conventional magnetic MnFe2O4 preparation techniques have been reported, such as
co-precipitation, hydrothermal, sol-gel, and solid-state reactions [5, 6]. However, the
need for pure synthetic materials and the complex experimental conditions of these
methods substantially increase the cost of producing MnFe2O4 and obviously limit
its practical application, especially for industrial production. Therefore, there is great
demand for an effective and inexpensive method for the preparation of MnFe2O4.

Ferromanganese ores are a common, inexpensive resource, and comprehensive
research on the utilization of these ores shows that iron-manganese spinel is easily
formed at high temperature during roasting, resulting in incomplete separation and
recovery of manganese and iron [7]. In previous studies, high purity magnetic spinel
manganese ferrite MnFe2O4 was successfully synthesized by high temperature cal-
cination using ferromanganese ore as a raw material [8]. This synthetic method has
many advantages, such as low cost, high yield, and easy operation.

Numerous reports were available describing the action of MnFe2O4 for Pb(II)
removal from aqueous solutions, but the adsorption efficiency of MnFe2O4 products
prepared from ferromanganese ores has not been studied. In this study, we used mag-
netic MnFe2O4 synthesized from ferromanganese ores to remove Pb(II) from acidic
wastewater and selected an acceptable Pb(II) concentration limit (0.1 mg/L) as an
evaluation index for adsorption results. Thermodynamic calculations and adsorption
tests were conducted, and the adsorption behavior (adsorbent dosage, pH), thermo-
dynamic calculation, and kinetics were presented. The adsorption mechanism was
investigated by isothermal adsorption analysis using ϕ-pH and ICP.

Experimental

Materials

The ferromanganese ores used in this study contained 44.2 wt% Fe and 15.4 wt%
Mn and were acquired from the Jiangxi Province of China. The chemical reagents
(Pb(NO3)2, HNO3, NaOH) were obtained from Aladdin Reagent (China). All of the
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Fig. 1 Synthesis process of
manganese ferrites

solutions were prepared using ultrapure water for the experiments. The synthesis
process is shown in Fig. 1.

Adsorption Experiments

Adsorption experiments were conducted in batches under isothermal condi-
tions. 50 ml of solutions containing different concentrations of Pb(II) were added to
Erlenmeyer flasks. After ultrasonic dispersion, the manganese ferrite was accurately
weighed and added to a conical flask. The mixture was then shaken at a constant
temperature of 308 K for 24 h to achieve adsorption equilibrium. Next, the suspen-
sion was treated with a 0.44 μm membrane filter. The concentration of equilibrium
Pb(II) in the solution was determined by ICP. The adsorption capacity of MnFe2O4

for Pb(II) can be obtained by the following formulas [9]:

R = (C0 − Ce) · 100%
C0

(1)

qe = (C0 − Ce) · V
m

(2)

where R is the removal ratio of solution Pb(II) by MnFe2O4 (%); qe is the adsorption
amount (mg/g); C0 and Ce are the initial and equilibrium concentrations of Pb(II)
(mg/L), respectively; V is the volume of the Pb(II) solution in the experiment (L);
and m is the mass of the MnFe2O4 adsorbent (g).
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The same experimental procedureswere also used to test the effect of pH (4.5–7.0)
on Pb(II) adsorption. The adsorption kinetics was studied using different adsorption
times. Different isothermal adsorption experiments were conducted at 298, 308, and
313 K.

Characterization

An inductively coupled plasma-optical emission spectrometer (ICAP7400 Radial)
was used to measure the ion concentration in solution. Nitrogen adsorption experi-
ments (BET, Micro-ASAP 2020) and X-ray diffraction experiments (XRD, Bruker
D8) were performed to determine the specific surface area and phase composition of
synthesized products, respectively. A Malvern laser particle size analyzer (Master-
sizer 2000, Britain) was used tomeasure the particle size distributions of the samples.
The pHpzc was detected using the powder addition method.

Results and Discussion

Characterization of the Synthesized Products

XRD analysis of the synthesized materials is shown in Fig. 2, and the standard
PDF pattern of MnFe2O4 is presented as well. The results indicated that the product
matched well with the characteristic peaks of spinel MnFe2O4, which shows that
spinel MnFe2O4 can be successfully prepared by this method. The median particle

Fig. 2 XRD pattern of the
products synthesized from
ferromanganese ores
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diameter (D50) of the MnFe2O4 powders was 1.326 μm, with a specific surface area
of 32.0 m2/g.

Effect of Adsorbent Dosages and pH

Isothermal adsorption tests were conducted to investigate the effect of the adsorbent
dosage and solution pH, and the results are shown in Fig. 3. It was clear in Fig. 3a that
at the equilibrium of adsorption, the adsorption amount and concentration of Pb(II)
decreased with increasing amounts ofMnFe2O4. In particular, at aMnFe2O4 concen-
tration of 0.6 g/L, the equilibrium concentration (Ce) of Pb(II) rapidly decreased to
less than 0.1 mg/L from the initial 10 mg/L, which was with a removal of 99%. This
MnFe2O4 concentration was used as the optimal dose for the following adsorption
experiments.

Figure 3b showed that the removal ratio and equilibrium concentrations of Pb(II)
were closely related to the pH. When pH < 3.0, MnFe2O4 had poor adsorption
capacity for Pb(II). By increasing the solution pH > 3.0, the removal ratio was
significantly improved. The Pb(II) removal ratio and equilibrium concentration at
pH = 5 were 99.4% and 0.07 mg/L, respectively. At pH > 6.0, the removal ratio
reached its maximum value, which was negligible (below 1%) for heavy metal
adsorption. The effect of pH on the adsorption behavior can be explained by the
change in the degree of deprotonation of the adsorbent surface in solution [10].
The decrease of H+ concentration in the solution led to an increase in the degree
of deprotonation of the surface of MnFe2O4, thereby promoting the absorption of
Pb(II). Accordingly, the Pb(II) adsorption tests were conducted at pH 5.0. It was
worth noting that when the pH = 4.5, the removal ratio reached 98%, which indi-
cated thatMnFe2O4 has promising adsorption performance for removing Pb(II) from
acidic solutions (4.5 < pH < 7.0).

The above results proved that MnFe2O4 prepared from ferromanganese ores has
good performance for the removal of Pb(II) from acidic solutions. The adsorption

Fig. 3 Effect of the adsorbent dosages and pH on the removal of the Pb(II)
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kinetics and adsorption isotherms will be also measured to further investigate the
adsorption behavior of MnFe2O4.

Adsorption Kinetics

Adsorption kinetic analysis is commonly used to estimate the rate of adsorption of
heavy metals by adsorbents. Figure 4 shows the amount of Pb(II) adsorbed as a func-
tion of contact time. The adsorption process was simulated by using two equations,
including the pseudo-first-order Eq. (3) and the pseudo-second-order formula (4) [9]:

log(qe − qt ) = log(qe)− k1t

2.303
(3)

t

qt
= 1

k2q2
e

+ t

qe
(4)

where qe and qt (mg/g) are the capacities of the Pb(II) adsorbed at the equilib-
rium state and at time (t, min), respectively, and k1 (min−1), k2 (g/mg min−1) and
n are the adsorption rate constants. The results in Fig. 4 indicated that MnFe2O4

has a faster adsorption of Pb(II). Approximately 90% of Pb(II) was adsorbed during
the first 50 min and then reached equilibrium after 6 h. The pseudo-second-order
kinetic model was suitable for explaining the adsorption behavior, illustrating that

Fig. 4 Relationship between adsorption capacity of Pb(II) and the adsorption time (Pb(II)initial =
10 mg/L, pH = 5.0, m/V = 0.6 g/L and T = 308 K)



Pb(II) Removal from Acidic Wastewater … 137

Fig. 5 Adsorption isotherms of Pb(II) at 298, 308 and 313 K (Pb(II)initial = 0–100 mg/L, pH =
5.0, m/V = 0.6 g/L)

the adsorption follows a chemical adsorption process [9]. Decreases in the amount of
active sites for adsorption could explain the slower rate of adsorption [11]. Therefore,
t = 600 min is an appropriate time for the adsorption isotherm experiments.

Adsorption Isotherms

Figure 5 shows the adsorption isotherms at different temperatures (298, 308, and
313K) for determining the adsorption capacity. The Langmuir (Eq. 5) and Freundlich
models (Eq. 6) used for thermodynamic analysis are shown in the following formulas
[12]:

qe = qmk3Ce

1+ k3Ce
(5)

qe = k4C
1
n
e (6)

where Ce (mg/L) and qm (mg/g) are the concentration and adsorption amount of
Pb(II) at adsorption equilibrium, respectively; qe (mg/g) is the sorption capacity at
time t; and k3 (L/mg), k4 ((mg L−1)1/n (mg g−1)) and n are adsorption isotherm
constants. From Fig. 5, the temperature played a key role in the adsorption behavior,
and the adsorption capacity noticeably increased as the temperature increased from
298 to 313 K.
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Table 1 Parameters for adsorption models of Pb(II) on MnFe2O4

T /K Langmuir Freundlich

qm (mg/g) k3 (L/mg) R2 n k4 (L/mg) R2

298 64.065 0.256 0.869 0.199 26.064 0.992

308 69.726 0.750 0.869 0.181 29.823 0.965

313 66.812 0.346 0.913 0.221 30.327 0.985

Table 1 lists the isotherm specific parameters of the twomodels at the three temper-
atures tested. The fitting results of the twomodels and the correlation coefficients (R2

L
< R2

F) demonstrated that the adsorption behavior was more consistent with the Fre-
undlich model, which revealed that Pb(II) was intermittently adsorbed on MnFe2O4

in the single-molecule form [2, 13]. Additionally, the Freundlich constant (n) value
indicated that the Pb(II) was easily adsorbed on MnFe2O4 in the solution.

The ϕ-pH analysis is typically used to predict the morphology and condition
of elements that are stable in aqueous solutions at a particular potential and pH.
Figure 6 shows ϕ-pH tests of the Pb–H–O system at different temperatures that were
calculated using FactSage 7.2.

It should be noted that lead existed in different forms at different solution pH
conditions, including Pb(II), Pb4(OH)4+4 , and Pb6(OH4+

)8 . When pH < 4.8, the lead in
the solution was almost all Pb(II), resulting in weak adsorption capacity at lower pH
values,which canbe attributed to the competition ofH+ andPb(II) at the surface active
sites of MnFe2O4. The removal of lead in the solution in this range is dominated by
the adsorption reaction. When the solution pH was in the range of 4.7–7.0, the Pb(II)
in the solution was converted to Pb4(OH)4+4 , which was easily hydroxylated with the

Fig. 6 ϕ-pH figure of the Pb–H–O system at 298, 308, and 313 K
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chemical components of the surface of the MnFe2O4 adsorbent, thereby facilitating
the adsorption reaction. The results of these analyses demonstrated that elevated
temperatures lead to the easier conversion of Pb(II) to Pb4(OH)4+4 , meaning that it was
beneficial for the adsorption experiment to be performed at a higher temperature. The
ϕ-pH result corresponded to the above experimental data, confirming the adsorption
performance of manganese ferrite for removing lead ions from acidic solutions.

Under the condition that the concentration of MnFe2O4 synthesized by ferro-
manganese ore was 0.6 g/L and the solution pH was 5.0, the effective removal of
Pb(II) can be achieved in less than an hour. The increase in temperature promoted
the conversion of Pb(II) to Pb4(OH)4+4 , thereby enhancing the adsorption capacity of
MnFe2O4 for Pb(II).

Conclusion

In this study, magnetic spinel MnFe2O4 was successfully prepared by the solid phase
reaction of ferromanganese ore. The removal of Pb(II) from acid wastewater clearly
proved that the synthetic product MnFe2O4 has a strong adsorption affinity for lead
ions. More than 98% of Pb(II) was removed when 0.6 g/L of ferromanganese was
added to an acidic solution (4.5 < pH< 7.0) at 308K.Under optimal conditions (pH=
5, 308 K), the removal ratio reached 99.4%, which was a significant reduction in the
concentration of Pb(II) from the initial 10mg/L to less than 0.1mg/L. The adsorption
kinetics and adsorption isotherm analysis indicated that the adsorption of Pb(II)
by MnFe2O4 in acidic solutions occurs via a rapid single-molecule chemisorption
process. ϕ-pH analysis further showed that Pb was mainly adsorbed on the surface
of manganese ferrite in the form of Pb4(OH)4+4 .
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Recovery of Valuable Metals
from the Leaching Tailings
from the Arsenic/Nickel/Cobalt Residue
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and Yalin Ma

Abstract The leaching residue after extracting arsenic from the
arsenic/nickel/cobalt residue is treated to recover copper, cobalt, nickel, and
other valuable metals. The experimental results show that the best conditions are
as follows: the liquid–solid ratio is 10:1, the ratio of oxidant to raw material is
0.6 ml/g, the sulfuric acid concentration is 20%, the temperature is 40 °C, and
the leaching time is 2 h. Under the above conditions, the leaching ratio of copper,
cobalt, nickel, zinc, and arsenic reached 96.31%, 97.23%, 98.56%, 98.46%, and
93.84%, respectively. The leaching kinetics of copper, cobalt, and nickel were
further studied. The activation energy of copper, cobalt, nickel is 47.22 kJ/mol,
37.91 kJ/mol, and 44.93 kJ/mol, respectively, and the reaction grades are 1.88,
1.94, and 1.92, respectively. The above valuable metals may be further recovered in
the leaching residue. This technique is beneficial for the efficient use of resources,
reducing resource waste in the metallurgical process.
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Introduction

The demand forminerals in China is greatly increased in the past years alongwith the
development of the metallurgical industry. Zinc of hydrometallurgy has accounted
for more than 80% of the total zinc smelting in the world [1]. And it has become the
development direction of world zinc smelting production. In the traditional leaching
process, the cobalt in the zinc sulfate solution can be removed by using an arsenic
salt to form a cobalt residue [2–5]. The cobalt residue contains many valuable metals
such as copper, nickel, cobalt, and so on, but there are also harmful element arsenic,
which will become a serious environmental pollution. So in order to make full of
the resources in the residue and reduce the environmental pollution, the smelting
company usually further processes the leaching residue [6–8]. But to reduce produc-
tion costs, companies usually recycle arsenic from cobalt residue. In this study, the
leaching residue from arsenic extraction process was further processed and valuable
metals such as copper are recycled.

Experiment

Materials

The raw materials used in this experiment are the tailings after arsenic extraction
process from the arsenic/nickel/cobalt residue. Its composition is listed in Table 1.
The raw material mainly contained 66.24 wt% copper, 3.40 wt% zinc, 3.04 wt%
cobalt, and 0.87 wt% nickel. Figure 1 shows the XRD pattern of the residue, which
mainly presents in the form of copper oxide, cuprous oxide, and cobalt oxide.

Method and Analysis

5g of the raw material is added to a certain concentration of sulfuric acid solution,
and the reaction is stirred at a certain temperature in the presence of an oxidizing
agent; after the reaction time is reached, filtration is carried out to obtain a filtrate
rich in copper, cobalt, nickel, and zinc. The contents of copper, cobalt, nickel, and
zinc in the filtrate were determined by ICP (Thermo Scientific ICAP 7200 Radial,
Thermo Fisher Science, USA), and the leaching ratio was calculated from the content

Table 1 Raw material main content analysis table (wt%)

Ingredient Co Cu Ni Zn

Content 3.04 66.24 0.87 3.40
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Fig. 1 XRD pattern of raw material

of elements such as copper in the filtrate. The specific calculation formula is:

η = c × 0.1× 500

M × m
× 100% (1)

where c is the concentration of the element in the sample measured by ICP, ppm;
M is the mass of the element in each gram of raw material, mg;
m is the mass of the raw material before the experiment, g.

Results and Discussion

Effect of Reaction Time

Figure 2 shows the effect of time on leaching ratio of Co, Cu, Ni, and Zn under the
condition of the reaction the liquid–solid ratio of 10:1, the temperature of 80 °C, the
acid concentration of 50%.

It can be seen from Fig. 2 that with the reaction progresses, the leaching ratio
of each elements in the raw material is continuously increased, reaches a peak after
2 h. The leaching ratio of copper reaches 84.86%, and then tends to be gentle. The
leaching ratio of other elements decreased after reaching the peak value. Considering
the small content in the raw material, the error may be large. So it can be determined
that all the elements reached the maximum leaching ratio after 2 h of reaction.
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Fig. 2 Effect of leaching time

In addition, the leaching ratio of copper is always below 90%. Combined with
the analysis of the XRD component of the raw material, the cuprous oxide in the
raw material undergoes a disproportionation reaction under acidic conditions. The
divalent copper ion and the elemental copper are formed. The elemental copper does
not dissolve in the sulfuric acid, resulting in a low copper leaching ratio. Therefore,
the addition of an oxidizing agent during the leaching process facilitates copper
leaching.

Effect of Oxidant

The experimental conditions were controlled at the condition as follows: The tem-
perature is 80 °C, the acid concentration is 50%, the reaction time is 2 h, and the
liquid–solid ratio is 10:1. The leaching ratio of copper leaching ratio was studied
when the oxidant H2O2 was added in 1 ml, 2 ml, 3 ml, 4 ml, and 5 ml, respectively.
The results are shown in Fig. 3.

It can be seen from the figure that the addition of oxidant has a great influence
on the leaching of copper. When the oxidant was 3–5 ml, the leaching ratio of
copper reaches over 96%, and the leaching ratio is increased by about 10%. Before
the amount of oxidant added was less than 3 ml, the leaching ratio of copper was
linearly related to the amount of oxidant, indicating that cuprous oxide in the raw
material reactedwithH2O2 to form divalent copper ions.When the amount of oxidant
reached 3 ml, the cuprous copper is completely converted into Cu2+.
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Fig. 3 Effect of oxidant on copper leaching ratio

Effect of Liquid–Solid Ratio

Figure 4 shows the effect of the liquid–solid ratio of the system on the leaching ratio
which was studied when the temperature was 80 °C, the acid concentration was 50%,
and the reaction time was 2 h.

When the liquid–solid ratio is less than 10:1, the leaching ratios increase with the
increase of liquid–solid ratio. The leaching ratios is the highest when the liquid–solid
ratio reached 10:1. Combined with the leaching effect and cost factor, the optimum
leaching condition of the raw material when the liquid-solid ratio of the reaction is
10:1.

Effect of Sulfuric Acid Concentration

The experimental conditions were controlled at temperature of 80 ° C, reaction time
of 2 h, liquid–solid ratio of 10:1, and oxidant addition of 3 ml. The effect of acid
concentration on the leaching rate was investigated. The results were shown in Fig. 5.

After analyzing Fig. 5, it can be found that when the concentration of sulfuric acid
does not reach 20%, the leaching ratios are significantly lower. As the concentration
of sulfuric acid increases, the leaching ratios gradually increase. The leaching ratio of
copper is increased from about 65 to 95% at the concentration of sulfuric acid from 5
to 50%. When the sulfuric acid concentration reaches 20%, the leaching ratios reach
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Fig. 4 Effect of liquid–solid ratio

Fig. 5 Effect of acid concentration
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Fig. 6 Effect of reaction temperature on leaching ratio

the highest level, and without any increasement as the acid concentration continue
to rise. It indicates that the solution has reached saturation. Therefore, the optimum
leaching acid concentration condition of the raw material is 20%.

Effect of Temperature

Figure 6 shows the effect of temperature on the leaching ratio. The experiment was at
the condition of reaction time of 2 h, a liquid–solid ratio of 10:1, an oxidant addition
amount of 3 ml, and an acid concentration of 20%.

When the reaction temperature is raised to 40 °C, the leaching ratios are remark-
ably improved. When the temperature is 40 °C, the reactants have almost completely
reacted, and the substances in the solution have been completely stabilization, which
is regarded as the best condition for the reaction.

Leaching Reaction Optimal Condition Verification Experiment

Based on the above results, the optimal leaching conditions of the cobalt/nickel
residue were obtained as follows: The reaction time was 2 h, the liquid–solid ratio
was 10:1, the amount of the oxidizing agent was 3 ml, the acid concentration was
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Table 2 Leach ratio table for each element under optimal conditions

Experiment no. Leaching ratio (%)

As Co Cu Ni Zn

1 92.56 96.98 94.27 98.08 97.23

2 93.37 97.23 95.48 98.17 98.46

3 92.12 96.38 96.31 97.58 96.69

4 93.84 94.72 95.45 98.56 97.35

5 92.57 96.19 95.83 97.44 97.5

20%, and the temperature was 40 °C. To verify the optimal conditions, eight sets
of verification experiments were performed under the same conditions. The results
were shown in Table 2.

The results showed that the average leaching ratio of each element was calculated
as: Cobalt was 96.30%; copper was 95.47%; nickel was 97.97%; zinc was 97.45%
under the optimal leaching conditions.

Leaching Kinetics

Leaching Reaction Series

The equivalent leaching ratio method was used to determine the reaction order [9–
11]. During the reaction, the sample was taken at a certain time interval. The leaching
ratio of each element at each time point was obtained by ICP detection. The rela-
tionship between the leaching ratio and time under the five groups of sulfuric acid
concentration was analyzed.

The relationship between the leaching ratio of cobalt in the raw material and the
reaction time was shown in Fig. 7.

From Fig. 7, the time taken to reach the same leaching ratio at different concen-
trations can be obtained, and the time of t1, t2, and t3 used was obtained when the
leaching rate of cobalt reaches 75%, 80%, and 85%, respectively (Table 3).

According to the data in the table, the values of lnt and lnC were calculated,
respectively, and made a lnt-lnC graph as Fig. 8.

It can be seen from the calculation of Fig. 8 that when the leaching ratio is 75%,
80%, 85%, the reaction order n is 2.14, 2.07, 1.60, respectively, and the average
reaction order is 1.94, which is greater than 1. This indicates the reaction may occur
from the kinetic zone to the diffusion zone.

The average reaction order of copper and nickel obtained by the same method
was 1.88 and 1.92, respectively.
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Fig. 7 Effect of different acid concentrations on cobalt leaching ratio

Table 3 Time required to reaching the same leaching ratio at different acid concentrations

Sulfuric acid concentration (mol/L) t1 t2 t3

3.6 13.2 20.8 37.2

4.5 7.8 10.3 23.6

5.4 5.9 7.6 19.5

7.2 3.1 5.1 12.7

9 1.8 2.7 7.9

Leaching Reaction Activation Energy

During the reaction, the sample was taken at a certain time interval. The leaching
ratio of each element at each time point was obtained by ICP detection. The rela-
tionship between the leaching ratio and time under the four temperature conditions
was analyzed.

The relationship between the leaching ratio of cobalt in the raw material and the
reaction time is shown in Fig. 9.

From Fig. 9, the time taken to reach the same leaching ratio at different tempera-
tures can be obtained, and the time of t1, t2, and t3 used is obtained when the leaching
ratio of cobalt reaches 65%, 70%, and 75%, respectively.

According to the data in Table 4, calculate the values of lnt and 1/T, respectively,
and make a lnt-1/T map.

It can be seen from the calculation of Fig. 10 that the apparent activation energies
E were 39.07 kJ/mol, 35.14 kJ/mol, 39.53 kJ/mol respectively, when the leaching
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Fig. 8 lnt–lnC pattern under different leaching ratios

Fig. 9 Effect of different temperatures on cobalt leaching ratio

Table 4 Time required to
reaching the same leaching
ratio at different temperatures

Temperature (°C) t1 t2 t3

25 12.5 17 25

40 7.5 9 13

60 5 7 9.5

80 2 3 5
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Fig. 10 lnt-1/T pattern under different leaching ratios

ratios are 65%, 70%, 75%. The average activation energy was 37.91 kJ/ Mol. The
cobalt leaching in arsenic/copper/cobalt residue is mainly controlled by chemical
reaction. Increasing the temperature is beneficial to cobalt leaching.

The average activation energies of copper and nickel leaching in the same way
were 47.22 kJ/mol and 44.93 kJ/mol, respectively, indicating that copper and nickel
leaching were mainly controlled by chemical reactions.

Conclusion

(1) The arsenic-containing waste was the residue after arsenic removal of arsenic-
containing copper/cobalt residue, mainly containing 66.24% of copper, 3.04%
of cobalt, 0.87% of nickel, 3.4% of zinc and 1.64% of arsenic, accounting for
75.19%.

(2) The optimal leaching conditions of the cobalt/nickel residue were obtained
as follows: The reaction time was 2 h, the liquid–solid ratio was 10:1, the
amount of the oxidizing agent was 3 ml, the acid concentration was 20%, and
the temperature was 40 °C. Finally, the leaching ratio of copper, cobalt, nickel
and zinc was 96.31%, 97.23%, 98.56%, and 98.46%, respectively.

(3) The activation energies of copper, cobalt, nickel leaching reaction are
47.22 kJ/mol, 37.91 kJ/mol, and 44.93 kJ/mol, respectively; and the reaction
grades are 1.88, 1.94, and 1.92, respectively.
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Effect of Microstructure on Cleavage
Fracture of Thick-Section Quenched
and Tempered S690 High-Strength Steel

V. M. Bertolo, Q. Jiang, C. L. Walters and V. A. Popovich

Abstract One of the main challenges in applying thick-section high-strength steels
(HSS) at arctic condition in offshore and maritime industry is to maintain a suf-
ficient level of toughness to prevent brittle failure. An aspect that requires special
attention is the through-thickness microstructural variation which may result in dif-
ferent local mechanical responses affecting the overall material’s fracture behaviour.
This paper presents an experimental study combining microstructural investigation
and sub-sized fracture toughness testing at −100 °C of different sections of 80 mm
S690QL steel aimed to evaluate the effect of microstructure on cleavage fracture. In
addition, different crack depth to width ratios (a/W ) were used to investigate the con-
straint effect, while different notch orientations were applied to assess the effect of
rolling orientation. Results show lower fracture toughness for the middle of the plate,
which was attributed to the presence of large Nb-rich inclusions which may feature
pre-existing cracks and/or defects in the inclusion/matrix interface and also often
distributed as clusters. It was also observed that a/W ratio plays an important role
in fracture toughness showing shallow-notched specimens with substantially higher
fracture toughness than deep cracked specimens. Moreover, microstructural features
such as inclusions aligned parallel to the pre-crack can ease the crack propagation
and contribute to a reduction in fracture toughness.
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Introduction

As a consequence of severe service conditions and the trend towards design for higher
loads in offshore and maritime industry, thick-section high- strength steels such as
quenched and tempered S690 have been increasingly used in the last few decades
as their favourable combination of high strength and toughness allow for lighter
structures and good performance [1]. However, due to the expansion of exploration
areas into low-temperature regions such as the Arctic, these activities have been
facing material-related challenges.

High-strength steels (HSS) are known to transition from ductile-to-brittle with
the decrease of temperature and, consequently, at low operating temperatures, their
fracture process is dominated by cleavage, which may cause sudden and catastrophic
failure without anywarning [2]. Cleavage fracture exhibits strong sensitivity tomate-
rial microstructure and, hence, microstructural investigation is of paramount impor-
tance in order to ensure the ability to meet minimum operating requirements and,
consequently, guarantee safety of the structural components.

HSS are multiphase materials and thick-section high-strength steels (above
60 mm) exhibit a through-thickness microstructural variation exhibiting coarse and
fine microstructures, as well as a combination of multiple phases, variation owing to
through-thickness gradient of cooling rates and deformation levels during the pro-
cessing route. Such inhomogeneous and multiphase microstructures lead to a large
variation of properties through the thickness, which makes it increasingly difficult
to predict and control cleavage fracture [3, 4].

Therefore, the aim of this work is to provide a better understanding of the effects
of microstructural features on cleavage fracture initiation through the thickness. For
this purpose, the through-thickness microstructure and fracture toughness of 80 mm
S690QL HSS plate were investigated via crack tip opening displacement (CTOD)
testing at−100 °C,where, based on the ductile-to-brittle transition curve, thematerial
is in the lower-shelf region (failure by cleavage). In addition, extensive investigation
of the fracture surface was made to identify cleavage initiation sites.

This study also includes an investigation of the effect of two variables on fracture
toughness: (1) Specimenorientationwith respect to the rolling direction and (2)Crack
depth to width ratio (a/W ) as crack-like flaws found in structural components are
often shallow defects rather than deep cracks as the ones found in standard fracture
toughness specimens [5].

Experimental Conditions

Material

A commercially available 80 mm thick quenched and tempered S690 high-strength
steel plate (designated as S690QL in accordance to EN 10025-6 [6]) was used in this
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work. The chemical composition of top quarter (further referred to as top) andmiddle
sections of the steel plate was studied by X-ray fluorescence (XRF) and LECO com-
bustion analysis. The through-thickness microstructure of the steel plate was etched
with 5% Nital and analysed by means of optical microscopy and scanning electron
microscopy (SEM). For the prior austenite grain (PAG) investigation, samples were
swab etched with 100 ml saturated aqueous picric acid solution and 0.5 g of sodium
dodecyl benzene sulfonate etching for 5 min and the PAG size measurements were
carried out by ImageJ software according to the ASTM E112-10 standard [7]. SEM
withEnergy-dispersiveX-ray spectroscopy (EDS)was used to studymorphology and
chemical composition of inclusions, while quantification was performed by Keyence
optical microscope according to the ASTM E1245-03:2016 standard [8].

Mechanical Testing

Fracture toughness tests were performed according to ISO 12135 [9] at −100 °C
using sub-sized single edge-notched bending (SENB) specimens, where dimensions
are given in Fig. 1a, with a/W ratios of 0.5 and 0.1 and on both T-L (Fig. 1b) and
L-T (Fig. 1c) notch orientations. All fracture specimens were tested in three-point
bending at a deformation rate of 2 mm/s using a MTS 858 servo hydraulic.

The CTOD results for low-constraint condition (a/W = 0.1) were also calculated
according to the ISO 12135 standard [9]. However, the plastic rotational factor value
(rp = 0.4 for high-constraint specimens) was set to 0.24. This value was found
throughfinite element analysiswhere the specimenwasmodelled in three dimensions
with appropriate boundary conditions according to the experimental set-up. The
total initial crack length used was 2 mm, which includes a 0.6 mm long notch and
an 1.4 mm long pre-fatigued crack, reproducing conditions for the low-constraint
specimens used experimentally in this study. The crack tip was modelled with an
initial blunted opening with a radius of 0.005 mm. The finite element model was
loaded by displacement ramp imposed on the loading point through a rigid roller.

The plastic rotational factor, rp, is calculated from its relationship with CTOD
and crack mouth opening displacement (CMOD):

Fig. 1 Schematic illustration of SENB specimens showing a the dimensions and b T-L and c L-
T notch orientations, where ND is the normal direction, LD/RD are the longitudinal and rolling
direction and TD the transverse direction
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δp = rp(W − a)Vp

rp(W − a) + a
(1)

where δp is the plastic CTOD component and Vp is the plastic CMOD measured
from the finite element model.

Examination of fracture surfaces was performed using SEM with EDS to char-
acterize the mode of failure and to locate and identify microstructural features
contributing to the cleavage.

Results and Discussion

Microstructural Characterisation

The through-thickness chemical composition for S690QL steel is given in Table 1.
As can be seen, there is a concentration gradient through the thickness for C, which
is higher in the top section.

Representative microstructures of top and middle sections of the plate are shown
in Fig. 2. The top section of the plate presents a tempered martensitic structure,
while the middle section exhibits a mixed microstructure of tempered martensite
and tempered bainite. This microstructural inhomogeneity, found throughout the

Table 1 Through-thickness chemical composition of S690QL (measured by XRF and LECO)

wt (%) Fe C Si Al Mo Other

Top Bal. 0.17 ± 0.001 0.29 ± 0.022 0.07 ± 0.005 0.30 ± 0.007 Mn, Ni,
Cr, NbMiddle Bal. 0.16 ± 0.001 0.30 ± 0.03 0.08 ± 0.011 0.29 ± 0.02

Fig. 2 Microstructure of the S690QL steel plate at a top and b middle sections
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Fig. 3 Images showing a centreline segregation bands and b inclusions present in these bands
(indicated by arrows) found in the middle section of S690QL steel plate

thickness of the plate, is a result of through-thickness gradient of cooling rates during
quenching where cooling rates are approximately 4 and 6 °C/s for top and middle
sections, respectively. The as-quenched microstructure varies from fully martensitic
at areas closer to the surface, where it cools quickly, to mixed martensite and bainite
towards the centre, where heat takes longer to dissipate [4, 10]. Afterwards, these
microstructures are tempered.

Moreover, clear centreline segregation bands aligned in the rolling direction
(Fig. 3a) as well as inclusions associated to these bands (Fig. 3b) were observed
in the central part of the plate.

In addition to the already presented microstructural distinctions, variations in the
prior austenite grain (PAG) size and distribution were also observed and found to be
influenced by the centreline segregation bands. The top thickness position was found
to have a rather uniform PAGdistributionwith an average PAG size of 21µm (ASTM
grain size equal to 7.9). The middle section, which contains centreline segregation
bands (Fig. 3), has a larger PAG with an average size of 22 µm (ASTM grain size
equal to 7.7) and exhibits a bimodal distribution with distinctly smaller grains in the
segregation band (Fig. 4).

The variation of PAG size between the outer and central parts of the steel plate is
a result of non-uniform deformation strain during the hot rolling process. High strain
values are reached in the surface and decrease through the thickness. Consequently,
more energy for recrystallization is stored by the material close to the surface than
in the middle of the plate. Hence, the recrystallization of the austenite during hot
rolling leads to a finer austenite grain structure in the outside part of the slab.

It should be noted that the PAG size difference between these two sections of the
plate would have been larger if not for the presence of centreline segregation bands
in the middle section. Figure 4a, b show the PAG distribution in the middle section of
the steel plate in the absence and presence of the segregation bands, respectively. In
the absence of segregation bands, there is a relatively uniform grain size distribution
with an average PAG size of 23µm (ASTMgrain size equal to 7.6). In contrast, in the
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Fig. 4 Prior austenite grain (PAG) distribution in the middle of the plate a without the segregation
band and b with the segregation band showing a reduction in PAG size in the region of the band

presence of segregation bands, the PAG distribution is bimodal with smaller grains
size in the banded area. The fine-grained segregation band present a PAG grain size
equal to 11 µm (ASTM grain size equal to 9.7) and, consequently, the overall PAG
(Fig. 4b) size is reduced to 22 µm. Pallaspuro (2018) observed the same behaviour
for a 0.13 wt% carbon steel [11]. EBSD analysis will be carried out in order to further
validate the observed grain size distribution.

Figures 5 and 6 illustrate the most common types of inclusions observed in
top and central parts of the plate, respectively. In the top position of the plate,
spherical, and cubic inclusions with dimensions ranging from 1 to 5 µm (Fig. 5)
were observed. Inclusions included rather complex chemical composition of oxides,
nitrides, and carbonitrides such as spherical (Mg,Ti)(O,N), (Mg,Al,Ca)(O,N) and
(Mg,Al,Ca,Ti)(O,N), and cubic (B,Ti,Nb)(N,C).

Fig. 5 SEM micrographs of inclusions in the top position of the S690QL steel plate:
a (Mg,Al,Ca)(O,N) and b (B,Ti,Nb)(N,C)
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Fig. 6 SEMmicrographs of inclusions in themiddle position of the S690QL steel plate, found prior
to fracture toughness testing: a (Ti,Nb)(N), bNb(C), c Nb(C) and (Nb,Ti)(N) and d (Mg,Al,Ca)(O)

In the middle position, large cubic, elongated, and spherical inclusions with
dimensions ranging from 1 to 11 µm were observed. Inclusions included oxides
and niobium-rich carbides and nitrides such as spherical (Mg,Al,Ca)(O) and cubic
(Ti,Nb)(N), (Ti,Nb)(C), Nb(C), and (Nb,Ti)(C,N) (Fig. 6).

Moreover, inclusions in the middle section were sometimes associated with
defects and often distributed as clusters, such as voids and cracking of both
matrix/inclusion interface and inclusions cracking (see Fig. 6 shows defects pointed
out by arrows). These cracks might have been caused by deformation during the
rolling process.However, the sample preparation procedure can also influence the for-
mation of these cracks. The behaviour of various inclusionswhen steels are deformed
under hot rolling was recently reported by da Costa e Silva [12].

In general, inclusions that are brittle and less deformable are likely to crack and/or
break under rolling pressure. Besides that, the interfacial strength inclusion/matrix is
low and the interface is a source of microvoid and crack formation [13]. This effect
can be pronounced in case of coarse and irregular-shaped inclusions, as the carbide
and/or nitride inclusions found in the S690QL steel, as high stress concentration can
be generated at sharp interfacial points and micro-cracks can grow from inclusion
interfaces under rolling load, evenwhen the steel has enoughductility [13]. Inclusions
distributed as clusters should be considered as a line of collinear inclusions and
therefore represent a single large crack (Fig. 6b). It is important to note that taking this
into consideration, instead of considering an initial crack size equal to the inclusion
size (between 1 and 11 µm), larger crack sizes apply, as shown in Fig. 6b where the
initial defect size is approximately 30 µm. The same consideration should be given
to inclusions associated to cracks which propagate to the matrix (Fig. 6c).

These inclusions were quantified for both thickness positions and it was found
that the mean area fraction through the thickness of the plate is higher for the middle
section (7.0 × 10−4 ± 2.7 × 10−4) than for the top (5.4 × 10−4 ± 2.8 × 10−4).

Therefore, middle section is apparentlymore critical than top as, besides the larger
mean area fraction of inclusions, it presents larger inclusions, that were found to be
sometimes associated to defects and often distributed as clusters, being considered as
large cracks of 30 µm, which, according to with Griffith [14], leads to lower stresses
to fracture.



162 V. M. Bertolo et al.

Fracture Toughness

Table 2 presents CTOD results at−100 °C for top and middle thickness positions at
T-L and L-T orientations and high- and low-constraint conditions. It is important to
mention that sub-size specimens are shown to be suitable only for fracture toughness
investigation in the lower shelf which means CTOD values below 0.2 mm and only
in cleavage failure mode [15]. Hence, CTOD values greater than 0.2 mm (e.g. top
section specimens under low constraint) will not be considered in this study as sub-
size specimens are not suitable, and plastic collapse is outside of the scope of this
project.Note that for the lowconstraint, top, T-L condition, only 4out of 10 specimens
showed reasonable CTOD results and the result in Table 2 is based on these samples.

It is worth mentioning that the steel used in this study fully satisfies the design
requirements for offshore and maritime applications. However, the temperature con-
dition applied in this work (−100 °C) is much stricter in order to operate in the
lower-shelf region and ensure the material to fail by cleavage. Consequently, the
S690QL steel exhibits weaknesses under these more severe test conditions which
impact its performance.

Top versus Middle

Table 2 shows that CTOD values for the top section are greater than for the middle.
Popovich and Richardson (2015) observed the same behaviour between top and
middle sections for a similar steel [4]. Fracture surface analysis was performed
to understand the microstructural differences between the outer and central plate
regions that lead to such different fracture performance. Preliminary fractographic
examination results for high-constraint specimens are shown in Figs. 7, 8, 9, and 10
for top quarter and middle thickness positions, respectively.

Table 2 CTOD results for high- and low-constraint conditions, top and middle thickness positions
and, T-L and L-T orientations

Constraint Thickness
position

Orientation Minimum
CTOD
(mm)

Maximum
CTOD (mm)

Average
CTOD (mm)

High
constraint
(a/W = 0.5)

Top quarter T-L 0.026 0.082 0.05 ± 0.02

L-T 0.010 0.077 0.04 ± 0.03

Middle T-L 0.012 0.013 0.012 ± 0.001

L-T 0.018 0.033 0.025 ± 0.008

Low
constraint
(a/W = 0.1)

Top quarter T-L 0.131 0.179 0.16 ± 0.02

L-T 0.221 0.379 0.30 ± 0.08

Middle T-L 0.016 0.062 0.03 ± 0.02

L-T 0.012 0.069 0.04 ± 0.03
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Fig. 7 a River lines indicating the cleavage initiation site in high constraint, top, T-L specimen
fractured at −100 °C and b a (Mg,Al,Ca)(O,S) as a likely initiation site

Fig. 8 a River lines indicating the cleavage initiation site in high constraint, top, L-T specimen
fractured at −100 °C, b higher-magnification image of an area with two initiation sites presented
separately in (c)

Fig. 9 a River lines indicating the cleavage initiation site in high constraint, middle, T-L specimen
fractured at−100 °C and bNb-rich inclusion (indicated bywhite arrow) acting as cleavage initiation
site c EDS mapping of Fig. 8b showing Nb and Fe maps for the matrix and Nb-rich inclusion

Fractographic examinations reveal that distinct microstructural features can play
a role in top quarter specimens. Figure 7a shows clear river lines indicating an
(Mg,Al,Ca)(O,S) inclusion as the cleavage initiation site in a high constraint, top
quarter, T-L specimen.

On the other hand, Fig. 8 shows that two probable initiation sites can be identi-
fied for a high constraint, top quarter, L-T specimen. The first one is a (Mg,Al)(O,N)
inclusion located in a cleavage facet and the second refers to cleavage facets arranged



164 V. M. Bertolo et al.

Fig. 10 aRiver lines indicating the cleavage initiation site in high constraint, middle, L-T specimen
fractured at −100 °C, b cleavage initiation site composed of several cleavage facets and cracks
indicating extremely embrittled region, c, d higher-magnification image of two regions of the
cleavage origin from b to f EDS mapping images showing Nb and Fe maps for the matrix and
Nb-rich inclusions in both regions

at the initiation site without a clear triggering microstructural feature. For the lat-
ter initiation site, a carbide particle was assumed as the triggering point. Higher-
magnification analysis is required to confirm this assumption. It should be noted that
cleavage initiation from carbides was also observed in Ref. [16].

In specimens manufactured from the central region of the steel plate, Nb-rich
inclusions were identified as a trigger in the cleavage fracture process for both T-
L and L-T orientations (Figs. 9 and 10, respectively). As can be seen in Fig. 9, a
single coarse (around 8 µm) Nb-rich inclusion was present in the cleavage initiation
facet. On the other hand, Fig. 10 shows that a cluster of niobium-rich inclusions
(ranging from 8 to 13 µm in size) triggered the fracture process, thus significantly
weakening the material as indicated by several smooth cleavage facets and cracks.
Unlike inclusions commonly reported as initiation sites where they are torn off by
one of the halves of the fractured specimen leaving a cavity in the cleavage facet [4],
the inclusion indicated by the white arrow in Fig. 9 appears as a flat surface, which
is rather difficult to distinguish using common fractography.

Cleavage fracture comprises two critical sequential steps. First, the nucleation
of cracks in a hard particle takes place for which the criterion is a critical plastic
strain. Second, the unstable propagation of cracks across the particle/matrix and
matrix/matrix interfaces occurs, for which the criterion is a critical tensile stress
[17]. However, when the inclusions present ahead of the crack tip are associated
with cracks such as carbides and nitrides found in the middle section of the plate
as shown in Fig. 6, these cracks serve as Griffith cracks and the nucleation stage
is no longer necessary in the fracture process [18]. Moreover, at low-temperature
and high-constraint conditions, as in these specimens, the critical cleavage event is
the propagation through the particle/matrix boundaries and the size of inclusion is
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a critical parameter where a higher inclusion size lowers the stress to failure [18].
Therefore, the middle section is more susceptible to cleavage fracture than the top
quarter and exhibits lower CTOD values, since the latter still needs to meet both the
nucleation and crack propagation criteria for fracture to occur and the former presents
larger inclusions which can be associated with cracks that consequently increase the
initial crack length.

High-constraint versus Low-constraint

The investigation of constraint effects on fracture toughness is relevant as the crack
depth to width ratio (a/W ) was reported to have important effects on fracture tough-
ness and crack-like defects often observed in structural components are surface (shal-
low) cracks, which leads to a low-constraint state, rather than deep cracks, which
results in a high-constraint state, commonly found in standard specimens [5, 19, 20].

CTOD fracture toughness tests are based on the plastic hinge model and some
studies observed that the value of plastic rotation factor (rp) significantly affects
the calculated CTOD result [19, 20]. In case of shallow-notched specimens, where
there is a significant reduction of the a/W ratio compared to deep-notched standard
specimens (0.45 < a/W < 0.55), the plastic hinge point location in the unnotched
ligament ahead of the crack tip can be shifted. Through experimental analysis, it
was shown that rp can be much lower than 0.4 (used in the most common stan-
dards for fracture toughness measurement) for shallow-notched specimens. It was
estimated at 0.2 for a/W = 0.1 [19, 20]. Hence, the determination of rp values for
low-constraint specimens is of paramount importance as the standard procedure can
provide a conservative assessment of these defects.

The value of rp obtained in this study by (finite element analysis (FEA) simulation
specifically for the notch/pre-crack configuration and specimen type used in thiswork
was 0.24, which is in agreement with the value found in the literature [20, 21]. The
CTOD results for shallow cracked specimens calculated using the new value of rp
show a reduction of about 15% for top, which has more expressive plastic behaviour,
and 10% for middle compared to the results calculated with the value of rp equal
to 0.4 used in the standard for deeply cracked specimens. Hence, analysis of the
fracture behaviour of shallow defects using the procedure provided in the standards
with deep-notched specimens may lead to conservative results, especially for cases
where the plastic portion of CTOD is more significant. Therefore, a correction of the
plastic rotation factor must be made.

As can be seen in Table 2, specimens in low-constraint condition exhibit much
higher CTOD values than those of high constraint. Shallow cracked components
display low hydrostatic stresses at the crack tip and less-restrained plastic flow fields
(low crack-tip stress triaxiality), which contrast neatly to conditions present in deeply
cracked specimens [5]. As a result, shallow-notched specimens have a greater ability
to resist crack propagation compared to deep-notched specimens. In addition, Smith
and Rolfe (1994) observed a shift in the ductile-to-brittle transition curve to lower
temperatures for carbon steels and ferritic steels due to the reduction of a/W ratio [22].
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In this case, the temperature of −100 °C may have been transferred from the lower
shelf to the ductile–brittle transition region; thus, increasing the fracture toughness
of the material.

Notch Orientation: T-L versus L-T

The notch orientation effect is clear for high constraint, middle specimens where
direction L-T displays higher fracture toughness than direction T-L. This behaviour
can be primarily attributed to cracks associated with inclusions that are oriented
parallel to the rolling direction and the crack propagation direction, which eases the
fracture of the material.

Therefore, the energy required to propagate a crack in L-T oriented specimens due
to thismicrostructural characteristic is higher than in T-L oriented specimen resulting
in higher fracture toughness. However, more in-depth fracture surface investigation,
EBSD analysis, and tensile tests in different orientations to the rolling direction will
be performed in order to provide further information on cleavage crack propagation
micromechanisms, crystallographic features, and effect of orientation to the mate-
rial’s strength to enrich the discussion on the impact of specimen orientation on the
fracture toughness of the material.

Conclusions

The microstructure across the thickness of an 80 mm thick quenched and tempered
S690 high-strength steel plate was characterized, and its effects on cleavage fracture
toughness at −100 °C was investigated. Furthermore, an analysis on constraint and
notch orientation effects on cleavage fracture toughness was made. The following
conclusions were drawn:

1. The steel plate shows through-thickness variation in terms of microstructural
composition (phase composition; prior austenite grain size; inclusion’s charac-
teristics such as chemical composition, morphology, and size; and cleavage frac-
ture toughness) and this was observed to have a clear effect on fracture toughness
of the thick-section high-strength steel being studied in this work.

2. The lower CTOD fracture toughness results for the middle section of the plate is
attributed to large Nb-rich inclusions, which may be distributed as clusters and
may be associated with cracks, acting as weakest links for the second (and only)
step of crack propagation since the pre-existing crack serve as a Griffith crack for
the first step. For the identification of these inclusions as cleavage initiation sites,
it was necessary to combine SEM fractographic analysis and EDSmaps as it was
rather difficult to distinguish using only common fractography examination.
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3. Low-constraint specimens, which contain shallow cracks similar to the ones
observed in real structures, have greater fracture toughness compared to high-
constraint specimens due to low hydrostatic stresses at the crack tip and less-
restrained plastic flow fields. In addition, the ductile-to-brittle transition curve
expected for deeply cracked specimens may shift to lower temperatures when
evaluating shallow-notched specimens and it is likely that at −100 °C low-
constraint specimens are not being evaluated at the lower shelf, as for high-
constraint specimens, but rather in the ductile–brittle transition region showing
greater fracture toughness.

4. High constraint, middle specimens show an explicit effect of notch orientation on
fracture toughness. In this case, the difference is related to the parallel alignment
of cracks associated to inclusions to the pre-crack. This characteristic contributes
to a lower resistance to crack propagation and ease the final fracture of the
material.
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Effect of Thermal Aging on Impact
Toughness of Electron Beam-Welded
AISI 316 Stainless Steel

Arun Kumar, Sandeep Singh Sandhu and Beant Singh

Abstract Thick section of cold-rolled austenite stainless steel AISI 316 is widely
used in heat exchangers, jet engines, furnace parts, exhaust manifolds, fast breeder
test rector, etc., because of its high strength, corrosion, and pitting resistance proper-
ties at high working temperature 400–550 °C approximately. Electron beam welding
is considered as highly efficient welding process in order to achieve high-quality
welds with low heat-affected zone. In this paper, single-pass narrow gap square butt
welding of 18-mm-thick plates using electron beam welding at constant accelerating
voltage 150 kV, beam current 90 mA, welding travel speed 600 mm/min, and beam
oscillation in circular pattern was investigated. The impact toughness and metallur-
gical properties in as-welded condition and after imparting post-weld thermal aging
(PWTA) at 750 °C for 24 hwere also investigated in this piece of work. The full pene-
tration had been achieved in single pass by optimizing the relationship betweenweld-
ing parameters (beam accelerating voltage, beam current, welding travel speed, and
beam oscillation). The results showed that welding of plates without filler metal leads
to defect-free welds. The average impact toughness conducted by Charpy impact test
at cryogenic temperature (−40 °C) in as-welded samples was recorded as 284 J, and
after aged at 750 °C for 24 h it reduced to 180 J.
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Introduction

AISI 316 austenitic stainless steel (SS) is widely used in nuclear power plants, heat
exchangers, and fast breeder test reactors [1] as structural materials. The preference
of this alloy is due to its high-temperature tensile strength, fatigue strength along
with excellent fracture toughness in combination with excellent weldability and fab-
ricability. The joining of 316-type austenitic stainless steel by welding processes and
its exposure to harsh environment can be the cause of the formation of various phases
which can affect its properties significantly. Raghunathan et al. [2] reported that AISI
316 SS when heat-treated between the temperature range of 900 and 1100 °C, the
ferrite content of the weld decreases with increase in aging time. Moreover, the den-
dritic morphology of ferrite phase tried to break up and spheroidize. Kar et al. [3]
investigated that electron beam (EB)-welded joints possessed similar tensile prop-
erties at room temperature and at 700 °C irrespective of being prepared with beam
oscillation or non-oscillating beam. Dutt et al. [4] concluded that resistance to crack
initiation of 316(N) welds decreased when aged at 370, 475, and 550 °C for 20,000 h.
The Charpy energy values decreased when aged at 475 °C for 20,000 h. The embrit-
tlement of the welds occurred at 370–550 °C for long durations leads to decline in
mechanical properties.

Xia et al. [5] concluded that beam oscillation in electron beam welding leads to
uniform weld morphology and increased the weld width. The ferrite morphology
changed from lathy/skeletal grains in the top layer to equiaxed grains at bottom
of the bead. Further, they also claimed that the solidification of fusion zone (FZ)
changed due to beam oscillation. However, beam oscillation had a very little impact
on microstructure. Alali et al. [6] concluded that finer dendritic structure was noticed
at the bottom of the weld zone. The weld centerline contained a microstructural
boundary is called parting. The yield strength of bottom section of the weld metal
was 14–52MPa higher than top section. The tensile testing specimens extracted from
the bottom of the weld had 4% higher UTS than the specimens extracted from top
of the weld. The entire lot of tensile specimen failed at the center of the fusion zone
usually at the parting region.

Zumelzu et al. [7] concluded that the thermal contribution was directly propor-
tional to the ferrite content and tensile strength in 316 L SS weld joints. Joseph
et al. [8] varied the electron beam power from 3 to 4.2 kW while welding and
concluded that by increasing Q/V ratio the hardness and toughness of the material
decreased which is due to the variation in the cooling rate. Kim et al. [9] concluded
that heat-treating 316 SS at 600 °C for 10 h resulted in a very little change in the
microstructure. The heat treatment for 650 and 700 °C reduced the mechanical prop-
erties. Further, when HAZ of 316 was heat-treated for 600 °C for 10 h the tensile
strength reduces marginally but was still higher than base metal. Kozuh et al. [10]
concluded that tensile strength of the weld metal was higher than the parent metal
and the impact toughness decreased with increase in annealing temperature. Fur-
ther, post-weld heat treatment decreased the value of microhardness for both the
base and HAZ. The increase in annealing temperature led to decrease in delta ferrite
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content. Xia et al. [11] after conducting the microstructure analysis concluded that
weld metal was composed of austenitic matrix along with dendritic ferrite. As the
thickness increased, the morphology of delta ferrite changed to columnar equiaxed
ferrite from skeletal, lacy, and lathy ferrite. The fusion zone had lower hardness as
compared to base metal due to the presence of coarse columnar grains and increasing
delta ferrite content. Balaji et al. [12] concluded that thermal aging has an adverse
affect on the mechanical properties of 316 steel as it gets embrittled. Embrittlement
is mainly due to precipitation of M23C6 carbides on the grain boundaries.

Kar et al. [13] stated that electron beam oscillation resulted in better mechanical
properties as compared to non-beam oscillation. Due to the higher cooling rate, the
width of fusion zone in beamoscillation EBweldswas less than non-beamoscillating
EB welds. The microstructure revealed that EB welds contain similar content of
δ ferrite with skeletal and lathy morphology with non-beam oscillation and beam
oscillation, respectively. Tjong et al. [14] investigated that the microstructure study
showed that high cooling and under-cooling associated with electron beam and laser
welding caused formation of cellular and equiaxed dendrites in both EB and laser
welds. The hardness in both the cases was higher in HAZ and weld metals than the
base metal.

Shaikh et al. [15] concluded that aging of 316 L SS weld metal at 600 °C for
20 h resulted in precipitations of carbides. On the contrary when aged at 20,000 h
resulted in the formation of sigma phase. They also found that matrix softening had a
significant effect on yield strength whereas UTSwas influenced bymatrix hardening.

Chen andGan [16] observed that the formation of carbides in the grain boundaries
caused cracking and shearing which destabilized the grain boundaries. These alter-
ations in grain boundaries reduced the ductility leading to the reduction in tensile
elongation and also reduced the impact strength of the material. Further, they con-
cluded that the reduction in impact strengthmainly depended on the ageing time. The
carbides were fine and denser in the specimens thermally aged at 650 and 750 °Cwith
normal aging time and at 550 °C after long aging time and lead to the high reduction
in tensile elongation and impact strength. High-temperature thermally aged speci-
mens (900 °C) had large size carbides at the grain boundaries causing reduction in
elongation. The present work aimed at fabrication of completely penetrated elec-
tron beam welds of 18-mm thick AISI 316 SS plates, confirming to sound industrial
quality. Further, the welds were examined for impact toughness and metallurgical
properties in the as-welded state and after aging at 750 °C for 24 h, in order to study
the effect of precipitating phase on the performance of AISI 315 SS welds.

Experimental Procedure

In this study, the rolled and annealed AISI 316 austenitic stainless steel workpieces
of 400 mm × 75 mm × 18 mm were used. The length was transverse to rolling
direction. The chemical composition obtained by spectroscopic analysis is shown in
Table 1.
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Table 2 Welding parameters employed in the present work

Beam
voltage, V
(kV)

Beam
current, I
(mA)

Welding
speed
(mm/min), S

Oscillation
pattern

Oscillation
frequency

Heat input
(KJ/mm)

150 90 600 Circle 800 Hz 1.28

Heat input per unit length of weld= η (V × I)/S., whereas η denotes heat source efficiency (taken
as 0.95), V is beam voltage, I is beam current, and S is beam travel speed

Electron beam welding (EBW) in autogenous mode, i.e. welding without filler
metal, was used to achieve single-pass, full penetration square butt joint. Before
welding, edges of the plates were carefully machined by using milling machine to
obtain perfect square and were cleaned by acetone to remove dust, rust, etc. The
vacuum pressure in the working chamber of EBW machine was approximately 5 ×
10−6 mbar, and the gun pressure was approximately 2 × 10−6 mbar. The welding
parameters used in this study are shown in Table 2.

The metallographic specimens were cut precisely by wire-cut EDM for
microstructure analysis by using optical microscope. To reveal the microstructure,
the specimens were polished using emery paper of 80–3000 grit size and the spec-
imens were chemically etched by aqua regia solution (1 part of HNO3 and 3 parts
of HCl) for 15–20 s. The specimens prepared were thermally aged at 750 °C for
24 h followed by air cooling to facilitate the precipitation of the carbides. The micro-
hardness values (approximately 5 readings per point) were taken across (from left
to right with a spacing of 0.15 mm) and along the weld bead centerline (from top to
bottom with 0.5 mm spacing) as indicated in Fig. 1. Vickers microhardness testing
of weld bead was carried using a load of 1 kg for a dwell time of 20 s. The Charpy V-
notch impact test specimens from welded joint were cut according to the ASTM E23
standard from three locations (top, middle, and bottom). Charpy impact tests were
carried out at cryogenic temperature (−40 °C) on specimens of 55 mm × 10 mm ×
6 mm dimensions. To measure the error in readings, three specimens were tested
from one location.

Results and Discussion

Morphology of the Welds

The cross-sectional view of the weld joint fabricated using EBW process is shown in
Fig. 1. Themacrostructure shows the regions of basemetal,HAZandFZ.The through
weld was obtained along 18 mm thickness of the weld plates, and it penetrated 1/4 of
the backing plate. Themacrostructure shows dagger-shaped weld bead (wide top and
narrow bottom regions) obtained without any weld defects. The total welding heat
input per unit length was 1.28 kJ/mm. During the EBW, the molten metal deposits
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Fig. 1 Macrostructure of
EB welds; X–X-, Y–Y-, and
Z–Z-axes represent the
location across the weld
centerline, and A–A
represents along the weld
centerline

at the top side (keyhole mode welding), and the total heat accumulation was more
on the top of the weld due to large weld volume accumulation which further leads
to slower cooling rates and vice versa on the middle and bottom weld bead. The
optical microstructures of the welds in the as-welded and after post-weld thermal
aging treatment (750 °C for 24 h) are shown in Figs. 2 and 3 respectively. The weld
microstructure consists of austenite matrix along with dendritic δ ferrite grains. The
EBW increases the cooling rate of the molten metal which results in non-uniform
solidification, hence incomplete ferrite to austenite transformation [17]. Figure 2b
depicts the microstructure of the fusion zone at the top of the weld bead, which
shows the presence of columnar grains growing perpendicular to the parting line.
The vermicular structure of ferrite dendrites was visible within the parting line.
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Fig. 2 Macrostructure andmicrostructure of EB as-welded joint. aMacrostructure of FZ, b colum-
nar structure at top part of weld bead at 50×, c top part of weld bead at higher magnification,
200×, d columnar and equiaxed delta ferrite at middle of weld bead, 50×, e lathy structure at
middle of weld bead, 200×, f delta ferrite formation at bottom of the FZ, 50×, g primary austenitic
structure at bottom of the FZ, 200×

Figure 2c shows highermagnification of columnar grains growing towards the parting
line. Figure 2d depicts the microstructure of the middle zone of the weld bead. The
microstructure in this area consists of both equiaxed and columnar delta ferrites,
and this may be due to higher cooling rates at the center than the top of the weld
bead. Figure 2e shows the magnified view of the grains at the centerline, which
shows the formation of lathy ferrite at the weld centerline and skeletal ferrite at
weld zone. Figure 2f shows microstructure of fusion zone at the bottom of the weld.
The microstructure consists of colonies of delta ferrite forming from the parting line,
growing outwards. The weld centerline had cellular austenitic structure, which could
be due to higher cooling rates at the bottom of the weld bead [18, 19].

Figure 3 shows the macrostructure and microstructure of weld bead after PWTA
(750 °C for 24 h). After aging, the microstructures at top, middle, and bottom show
the precipitation of carbides in the austenitic network.
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Fig. 3 Macrostructure and microstructure of PWTA specimen. a Macrostructure of FZ, b,
cmicrostructure shows carbide precipitation at top part of weld bead at 50× and 200×, respectively,
d, e microstructure shows carbide precipitation at middle part of weld bead at 100× and 200×,
respectively, f, gmicrostructure shows carbide precipitation at bottom part of weld bead at 50× and
200×, respectively

Microhardness Properties

Figure 4a, b shows the microhardness variations across and along different zones of
theweld. Figure 4a shows themicrohardness along theweld bead, and themicrohard-
ness in the as-welded conditions increased from top (192.3 VHN) to bottom (226.8
VHN) of the weld. The reason behind this could be the finer grain structure at the
bottom of the weld as compared to top and middle as reported by [20]. On the con-
trary, the microhardness values decreased after the aging treatment (750 °C for 24 h)
by approximately 11% throughout the weld bead. This is due to the precipitation of
secondary phases along the grain boundaries. While measuring the microhardness
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Fig. 4 Vickers microhardness. a Along the weld centerline and b across the weld centerline

across the weld bead (Fig. 4b), the maximum microhardness obtained was 259.6
VHN at the bottom near the fusion line region in as-welded condition. This could be
due to the presence of finer grain structure. The minimum microhardness reported
was 158.2 VHN at the top of the weld bead on the parting line after thermal aging.
The percentage error in as-welded specimens was 4%, whereas after aging the error
increases to 6%. This may be attributed to the formation of precipitates.
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Impact Toughness Properties

The results of impact test at cryogenic temperature (−40 °C) are presented in Fig. 5.
The maximum impact energy of 312 J was absorbed by the base metal in the as-
welded condition. It was followed by the impact specimens extracted from bottom
and middle of the weld bead in the as-welded condition with average values equal to
284 J and 271 J, respectively. The similar pattern was depicted byXia et al. [11] while
testing at the room temperature. The aging treatment reduced the impact toughness
of all the specimens as compared to as-welded specimens. Singh and Shahi [20]
observed the same pattern. The percentage error in as-welded specimens was 3%,
whereas after aging the error increases to 5%.

Conclusions

The present work reported about the metallurgical and impact toughness of EBW
joints of 18-mm-thickAISI 316 SS in as-welded and aged (750 °C for 24 h) condition.
The following conclusions could be drawn based on the results.

1. Single-pass, fully penetrated EB welds, with full sidewall fusion, were achieved
in 18-mm-thick AISI 316 SS plates with heat input of 1.28 kJ/mm.

2. The weld zone near the fusion boundary of the weld joint had relatively higher
microhardness. The aging treatment reduced themicrohardness by approximately
11%.
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3. The impact toughness of the specimens extracted from the bottom of the weld
bead is highest in as-welded condition.However, the basemetal had themaximum
impact toughness.

4. The aging treatment reduced the impact toughness approximately by 26% due
to the precipitation of carbides at the grain boundaries.
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Preparation and Photocatalytic
Properties of Mo-Doped TiO2@Fly Ash
Cenospheres for Degradation
of Methylene Blue

Yongfeng Cai, Bin Xu, Min Li, Pengxu Cao, Jun Luo, Mingjun Rao,
Zhiwei Peng and Guanghui Li

Abstract Mo-doped titanium dioxide (TiO2)-coated fly ash cenosphere (FAC) was
synthesized by the sol-gel method. The novel photocatalysts were characterized by
X-ray diffraction (XRD), scanning electron microscopy (SEM), ultraviolet–visible
diffuse reflectance spectroscopy (UV–Vis DRS), and X-ray photoelectron spectra
(XPS). The results showed that the catalyst maintains the structure of anatase (TiO2),
and the majority of doped Mo ions existed as Mo6+ substitution in anatase lattice,
which caused redshift of TiO2 light absorption wavelength, broadening the light
absorption range and making more effective use of solar energy. The photocatalytic
activity ofMo-TiO2@FAC sample for the degradation ofmethylene blue (MB) under
visible light irradiation was investigated. The photocatalyst that was calcined at
550 °C with Mo/Ti molar ratio of 0.3% and concentration of 2 g/L exhibited the
optimal photodecomposition property.

Keywords Mo-doped TiO2 · Fly ash cenospheres · Visible light ·
Photodegradation · Sol-gel

Introduction

Environmental photocatalysts have attractedmuch attention in recent years. Titanium
dioxide (TiO2) is commonly used as a photocatalyst because of its low toxicity,
easy reforming, long-term stability, and simple production [1, 2]. However, its low
photo-efficiency under visible light irradiation and limitations of powder size restrict
its commercial application. At present, modification of TiO2 has been extensively
studied to overcome the limitation of pure TiO2 which has wide energy band gap
and low quantum yields. Many groups have been involved in depositing transition
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metal ions, such as Fe, Au, Ag, V, Cr, and Ni, onto the surface of titania to improve
the separation of electrons and holes [3, 4]. But these modified photocatalysts cannot
be easily retrieved after the reaction on account of their nanometer scales. Hence,
numerous researchers have paid attention to the formation of TiO2 films on different
substrates.

The applications of MCM-41 [5], silica [6], clays [7], zeolite [8], and activated
carbon [9] as substrate materials to increase the efficiency and immobility of the
catalysts have been reported in recent years. However, the costs of substratematerials
should be considered in practical applications. Coal fly ash cenospheres (CFACs) are
the largest industrial solid waste in China and have initiated environmental issues
owing to considerable amount and inappropriate disposal [10]. CFAC utilization
could essentially provide desirablewastemanagement solution to increasing disposal
issues. It is noticed that the CFACs have a range of advantageous properties such
as nontoxicity, low cost, and stable chemical properties [11]. In addition, it has low
density and high specific surface because of the spherical porous and hollow solid
structure [12]. Therefore, CFACs have been used as promising substrates in catalysis.

In this work, to recover and reuse catalysts from treated water, FACs were served
as substrates for the preparation of fly ash cenosphere with molybdenum-doped TiO2

(Mo-TiO2@FAC) photocatalysts by using a simple sol-gelmethod. Catalysts floating
in water can be easily illuminated by light in the laboratory, and solar irradiation is
used as the light source in industry. In this study, the effect of calcination temperatures,
molybdenum doping contents, and addition of catalyst on photocatalytic degradation
of MB under visible light irradiation were investigated.

Experimental

Materials

FACs were collected from Borun Foundry Material Corporation, Henan, China.
Titanium butoxide (Ti(OC4H9)4) was obtained from Shanghai Aladdin Biochemical
Technology Co., Ltd. (China). Absolute ethyl alcohol (CH3CH2OH) was obtained
from Tianjin Hengxing Chemical Preparation Co., Ltd. (China). Ammoniummolyb-
date ((NH4)6Mo7O24·4H2O) was obtained from Kaida Technology Development
Corporation, Tianjin, China.. Nitric acid (HNO3) was obtained from Huihong
Chemical Corporation Hunan, China. Glacial acetic acid (C2H4O2) was obtained
from Sinopsin Group Chemical Reagent Co., Ltd. (China). Polyethylene glycol
(H(OCH2CH2)nOH) was obtained from Sinopsin Group Chemical Reagent Co., Ltd.
(China). All reagents were of analytical grade. Deionized water was used for all the
experiments.
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Synthesis of Photocatalysts

The FACswere activated in 10% dilute nitric acid and stirred at room temperature for
12 h to cleanse the solid oxides on the surface. Then, they were filtered by a vacuum
filter and washed repeatedly with deionized water until the pH of the suspension was
6–7. After pretreatment, the FACs were dried at 105 °C for 2 h. The Mo-TiO2@FAC
photocatalysts were mainly prepared by the sol-gel method; 20 ml titanium butoxide
was mixed with 70 ml absolute ethanol, which was named solution A. Different
amounts of ammonium molybdate were added to a mixture of 9 mL of glacial acetic
acid, 20 ml of deionized water, and 70 mL of ethanol under continuous stirring,
which was named solution B, adjusting pH of solution B to about 3 by 67% HNO3

under stirring. Then, solution Bwas slowly added dropwise into the solution A; 1.2 g
polyethylene glycol was added into the homogeneous solution as the surfactant with
magnetic stirring at room temperature. 5 g FACs were added into the gel with stirring
for 1 h in constant water bath at 40 °C. Subsequently, the gels were placed at 25 °C
for 24 h and dried at 80 °C until a dry gel was obtained. In the end, the dry gel was
calcinated for 2 h in a muffle furnace at 350, 450, 550, and 650 °C, respectively.
For comparison, TiO2 and Mo-TiO2 were prepared by the same method. The molar
ratios of Mo to Ti were 0, 0.1%, 0.3%, 0.5%, and 1.0%, respectively. According to
the molybdenum content, the final powders were denoted as Mox-TiO2@FAC (x =
0.1, 0.3, 0.5, 1.0).

Degradation Experiment

The photocatalytic experiment was carried out in a self-made reactor using a Xe
lamp with 500 W as visible light source. At adsorption experiment, the 100 ml
of MB (10 mol/L) solution and appropriate catalyst were mixed up in the reactor
and stirred for 45 min in the dark to get adsorption equilibrium. The following
photodecomposition of MB experiment was achieved under visible light irradiation.
The 5 mL intermixtures were taken from it each 30 min interval (30–180 min),
then the upper layer of intermixtureswas filtered by 0.22μmfiltermembrane, and the
residual content ofMBwasmeasured at 664 nmwithUV–visible spectrophotometer.

Characterizations

X-ray diffraction (XRD) patterns were recorded by a Bruker D8 Advance X-ray
diffractometer using Cu-Kα radiation. The surface morphology was investigated
using a scanning electronmicroscope (SEM;PhenomPro,USA).X-rayphotoelectron
spectra (XPS) were conducted by Thermo Fisher-VG Scientific ESCALAB 250
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XPS system with Al Kα X-ray radiation. UV–Vis spectra were characterized by a
Shimadzu UV2550 UV–Vis spectrophotometer.

Results and Discussion

XRDpatterns of TiO2@FAC andMo-TiO2@FACwith differentMo doping amounts
are shown in Fig. 1a. Obviously, the peak of anatase in Mo-TiO2@FAC is higher
than that of TiO2@FAC and no rutile phase or brookite phase is detected, suggesting
doping Mo element promotes the formation of anatase phase. Different doping Mo
amount samples have similar diffraction patterns and the major peaks of anatase
phase at 2θ of 25.32°, 37.86°, 48.06°, 53.97°, and 55.09° for the (1 0 1), (0 0 4), (2 0
0), (1 0 5), and (2 1 1) diffraction planes, respectively [13]. No peak of MoO3 phases
is observed even in the 1.0%Mo/Ti molar ratio sample, indicating the incorporation
of Mo6+ ion into the TiO2 lattice. The ionic radius of Mo6+ and Ti4+ is 0.062 nm and
0.068 nm, respectively [14]. The close ion radius creates a condition for incorporating
molybdenum into titanium dioxide lattice, resulting in a narrower energy gap, which
could be observed in the following UV–Vis spectroscopy.

Figure 1b reveals XRD patterns of samples calcined at different temperatures.
Results show that calcined temperature has a significant influence on crystalline
forms of photocatalysts. The character peaks of anatase became sharper and stronger
with calcination temperature increasing. However, new rutile phase is observed with
temperature a further increase to 650 °C whose major peaks are at 27.44°, 36.09°,
and 54.34°.

SEM images in Fig. 2 show morphologies of photocatalysts. As shown in Fig. 2a,
b, the pure FAC is a hollow spherical particle with a diameter of 120 μm and wall
thickness of 5 μm. Figure 2c, d presents SEM images of TiO2@FAC at different
magnifications. This confirms that TiO2 was successfully coated on the surface of

Fig. 1 XRD patterns. a With different Mo doping amount photocatalysts calcinated at 550 °C and
bMo0.3-TiO2@FAC calcined at different temperatures
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Fig. 2 SEM images of a a pretreated FAC, b a broken FAC, c, d TiO2@FAC-550 °C, and e,
f Mo0.3-TiO2@FAC-550 °C at low and high magnification

the FACwith some little grains being observedmerely in small regions. The surface of
Mo-TiO2@FAC has an obviously uneven and rough appearance owing to shrinkage
in the drying and calcination process after molybdenum doping(Fig. 2e, f).

TheUV–visible spectra ofMo-TiO2@FACphotocatalysts calcined at 550 °Cwith
different molybdenum contents are illustrated in Fig. 3a. DopingMo in photocatalyst
occurs redshifts of the absorption edge and increases light absorption in the range
400–500 nm. The absorbance increased with the increase of molybdenum content in

Fig. 3 a UV–Vis absorption spectra and b plot of (αhν)2 versus energy (hν) of Mo-TiO2@FAC
photocatalysts (calcined at 550 °C) with different molybdenum doping contents
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Mo-doped TiO2, but inhibited with too much doping content of Mo. In comparison
with all Mo-TiO2@FAC, Mo0.3-TiO2@FAC showed the highest photo-absorption in
the visible light region. Above results suggest that the doping elements were inserted
into the lattice of TiO2 and its electronic structures were changed. The energy band
gaps of samples were calculated by the following equation:

αhν = A(hν − Eg)n/2 (1)

where α, ν, A, Eg, and n are the absorption coefficient, incident light frequency,
constant, band gap and an integer, respectively. The n value represents the type of
optical transition of a semiconductor (n = 1 for direct transition and n = 4 for
indirect transition). The n values of 4 are reasonable for all the samples according
to the existing literatures [15]. Figure 3b shows the samples’ corresponding plots of
(αhν)2 versus hν to determine the direct band gap by extrapolation of the linear part
of the graphics to the axis of the abscissa. The band gaps of TiO2@FAC and 0.1,
0.3, 0.5, and 1.0% Mo-TiO2@FAC were calculated to be 2.97, 2.90, 2.87, 2.70, and
2.64 eV, respectively. The band gap ofmolybdenum-dopedTiO2@FACphotocatalyst
is lower compared to the Mo-undoped TiO2@FAC photocatalyst, which attributes to
the shift of the optical absorption edges to the lower energy regions and keeps higher
photocatalytic activities. According to the previous literatures, below the conduction
band of TiO2 was introduced by the means of the doping of transition metal ions
in TiO2 [16]. Hence, the visible light absorption leads to the excitation of Mo6+ 3d
electrons to the conduction band of TiO2. In this way, the doping of Mo can decrease
the band gap of TiO2 and broaden the photocatalyst scope of illumination response.

XPS analyses were conducted to investigate the surface composition and the
chemical state of elements in the photocatalyst. The overall XPS of TiO2@FAC
and Mo0.3-TiO2@FAC photocatalysts are shown in Fig. 4a, b, respectively. The
photocatalysts are mainly composed of Ti, O, Mo, C, Si, and Al elements. The Si
and Al originated from the FAC substrate, while Mo was from the doping solution.

As shown in Fig. 4c, it was found that the values of the peaks of Ti4+ in TiO2

lattice located at binding energy of 458.4 and 463.9 eV corresponded to Ti2p3/2 and
Ti2p1/2, respectively [17]. However, the binding energies of Ti2p3/2 and Ti2p1/2 in
Mo0.3-TiO2@FAC were 458.55 eV and 464.25 eV, respectively. A few right shifts
were caused by Mo doping. This result provides further evidence that molybdenum
atoms indeed substituted titanium atoms in the lattice.

Mo3d5/2 andMo3d3/2 peaks ofMo0.3-TiO2@FAC are shown in Fig. 4d. The peaks
at 232.2 eV and 234.8 eV corresponded to the feature of Mo6+, while peaks at
230.8 eV corresponded toMo5+. NoMo4+ peak was present, indicating that the main
valances of molybdenum in the samples were+6 and+5. It can be believed that the
major doped Mo ions existed as Mo6+ in TiO2 lattice, and at the same time a small
part of Mo ions existed as Mo5+.
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Fig. 4 XPS of a TiO2@FAC and b Mo0.3-TiO2@FAC (calcined at 550 °C), and corresponding
high-resolution XPS spectra of c Ti2p and d Mo3d

Photocatalytic Activity

Figure 5a displays the photocatalytic degradation ratio of MB using different Mo
doping amounts. The photocatalytic degradation ratio increased markedly as dop-
ing Mo content from 0 to 0.3%, which can be attributed to the transform in optical
absorption threshold of catalysts into visible region. However, the doping Mo con-
tent exceeds 0.3%, and the degradation ratio significantly decreased. It may be that
excessive Mo6+ ions would cause the carrier recombination. As a result, the recom-
bination of generated electron/hole pair exceeded the carrier transition to the surface
of photocatalysts. Once the concentration of Mo was beyond an optimum quantity,
Mo6+ role as a carrier recombination center would counteract its role of trapping
carriers and prolonging carrier lifetime [18]. A decrease of photocatalytic activity
was observed.

Figure 5b shows the relationship between the photocatalytic degradation ratio and
the calcination temperatures. As the calcination temperature increased, the photo-
catalytic degradation ratio improves and reaches a maximum at 550 °C. The main
reason may be that amorphous TiO2 gradually turned into anatase when the calcined
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Fig. 5 Photocatalytic degradation ratio of composites with different a Mo doping amounts,
b calcination temperatures, c catalyst dosages, and d TiO2, TiO2@FAC and Mo0.3-TiO2@FAC
(550 °C)

temperature increased from 350 to 550 °C, resulting in promotion of the photocat-
alytic ability of photocatalyst [19]. However, the photocatalytic degradation ratio
reduced with temperature a further increase to 650 °C because the appearance of
rutile phase induces wide energy gap and large particle size. It can be concluded
that the Mo doping amount of 0.3% and the calcination temperature of 550 °C were
optimum.

The effect of catalyst dosage on degradation efficiency was studied using 10mg/L
of MB and 0.5, 1, 1.5, 2, and 3 g/L of Mo0.3-TiO2@FAC. As shown in Fig. 5c, the
degradation rate increased with the increase of the dosage and reached a peak of
98% when the dosage was 2 g/L, but then decreased with a further increase of the
dosage. The main reason is that the appropriate amount of catalyst increases the
contact area and generates more photoelectron–hole pairs, contributing to sufficient
carriers captured by the methylene blue and thorough oxidation and decomposition
of the MB. As the dosage of the catalyst in the reactor increases, the turbidity of the
reaction solution causes the light transmittance to deteriorate, eventually resulting
in a decrease in photocatalytic efficiency. Therefore, the optimal addition amount is
2 g/L.
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The MB concentration was no significant decrease using pristine FAC decompo-
sition MB for 1 h, suggesting that FAC itself has no photocatalytic activity. As seen
in Fig. 5d, the degradation ratio of Mo-TiO2 is 8% less than that of Mo-TiO2@FAC
(0.3%, 550 °C) and extremely higher than that of pure titaniumdioxide particles. FAC
used as substrates in the Mo-TiO2@FAC composite has two vital functions. Firstly,
the adsorption capacity of FAC based on pore structure can improve the adsorption
capacity of MB on the substrate surface. Second, as a dispersing carrier, it can inhibit
grain growth, which is helpful to make full use of light for photocatalysis. Because of
the synergistic effect of Mo-titanium dioxide and FAC, Mo-TiO2@FAC composite
has high photocatalytic activity.

Conclusions

Mo-TiO2 films are deposited successfully on FAC by the sol-gel method, and the
synthesizedMo-TiO2@FAC photocatalysts can take advantage of solar light in com-
parison with TiO2@FAC and pure TiO2 particles and can be easily separated from
water after the reaction due to their buoyant property. The results of photocatalytic
activity of the samples for degradation of MB showed that 2 g/L of the Mo0.3-
TiO2@FAC photocatalyst calcined at 550 °C has higher photocatalytic activity than
the other samples under visible light irradiation, and the introduction of FAC in
photocatalysts can contribute to the degradation of MB in water. In the future, the
influence of catalyst preparation conditions on the degradation of other dyes will be
studied.
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Removing Arsenic from the NiSO4
Solution Using Modified D301 Resin

Ailiang Chen, Xintao Sun, Jinxi Qiao, Zhen Qian, Yan Zhang, Yutian Ma,
Zhiqiang Liu and Lixue Shi

Abstract Arsenic is removed from the NiSO4 solution using modified D301 resin.
The modification is based on the fact that WO2−

4 react with AsO3−
4 in the NiSO4

solution to form arsenotungstic ions. This study grafted WO2−
4 onto the resin to

remove arsenic in the NiSO4 solution and avoided the loss of tungsten. The effects
of reaction time, temperature, and the pH of solution on arsenic removal efficiency
were investigated. When the reaction time is 4 h and the pH value of solution is
3.06, arsenic is removed using WO2−

4 -loaded D301 in the NiSO4 solution at normal
temperature. Results show that the concentration of As (V) from 50 mg/L fell to
below 5 mg/L in the NiSO4 solution. There is no impurities were brought in the
process of arsenic removal, achieving higher ratio of arsenic removal in the industry.
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Introduction

Arsenic oxides and their compounds are harmful to human’s health due to their
toxicity. Arsenic always enters into acidic nickel sulfate solution together during
the process of nickel metallurgy. It is easy to form hydrogen arsenide gas (AsH3)
with greater toxicity than arsenic oxide. Arsenic has also been regarded as a harmful
element in the production of nickel products [1]. In the recent years, the changeable
arsenic-containing rawmaterials increase the difficulty of producing nickel products.
Thus, it is necessary to remove arsenic from NiSO4 solution.

In the pyrometallurgical process, arsenic can be removed through forming As2O3

by roasting before the technology of nickel electrolysis [2]. The hydrometallur-
gical process generally refers to arsenic removal in the solution. Some common
technologies, like precipitation, biological, adsorption, extraction, and ion exchange
have been used to remove arsenic from nickel solution [3]. Huang et al. [4] found
Ca(OH)2 added as precipitant to form insoluble arsenic-containing compounds in
the solution. The arsenic removal ratio can reach 99.05% in the wastewater with
low arsenic concentration. Iron and manganese oxides were used as adsorbents for
removing arsenic from aqueous solution in an experimental study of Chang et al.
[5]. Its saturated adsorption capacity for arsenic reached 326 mg g−1. Liao et al. [6]
treated with algae to form a symbiotic organismwith bacteria and acclimated it in the
arsenic-containing wastewater. It can remove arsenic and nutrients in the wastewater.
It is still in the stage of laboratory research. TBP (Tributyl phosphate) and N235 (N,
N-dioctyl-1-Octanamine) were used as extraction solvent for arsenic removal in the
copper electrolyte. It can eventually remove 72.82% of arsenic [7]. But the organic
reagents easily enter into the NiSO4 solution, which affects the quality of electrolytic
nickel. Korngold et al. [8] used two strong alkaline resins to remove arsenic. How-
ever, arsenic removal in the NiSO4 solution would be affected by the concentration
of SO2−

4 . It is difficult to deeply remove arsenic from the NiSO4 solution.
In order to deeply remove arsenic in the process of nickel product, a method

of molecular design was used to transform AsO3−
4 into macromolecular groups

like [AsW12O40]3−, [AsW9O34]9−. This improves the difference between SO2−
4 and

arsenic-containing groups, achieving deep remove arsenic from the NiSO4 solu-
tion. In this work, experiments were carried out to determine the most suitable ion
exchange resin. And then conditional experiments were done to verify the optimal
reaction temperature, the pH value of solution, reaction time, and initial arsenic
concentration.
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Experimental

Materials

NiSO4 solution containing arsenic comes from a nickel factory in China. The concen-
tration of SO2−

4 , Ni2+, and arsenic is 100 g/L, 60 g/L, and 50mg/L, respectively. D301
resin (produced by Jiangsu Suqing Water Treatment Engineering Group Co., Ltd.)
and extraction solvent (sulfonated kerosene and N235) are industrial products. Other
analytical reagents, including NaCl, Na2WO4, NaOH, hydrochloric acid, sulfuric
acid, and Na3AsO4.

Method and Analysis

Extraction: Sulfonated kerosene and N235 were mixed as extraction solvent. The
volume ratio of N235 to sulfonated kerosene was 3:7, and O:A = 1:1. 100 ml NiSO4

solution was mixed with the extraction solvent to oscillate for a period at a certain
temperature. Themixture stands for severalminutes after the reactionwas completed,
separating the NiSO4 solution from the organic phase.

Ion exchange: Na2WO4 and SO
2−
4 -loaded D301 was added in the NiSO4 solution

at a certain temperature, and it reacted for a period with magnetic stirring. Then the
D301 resin adsorbing arsenic in the solution was filtered out for desorption.

The equations for calculating some parameters are as follows:

β = 1 − ca
cb

(1)

where β is the arsenic removal ratio of D301 resin. ca is the arsenic concentration
after removing arsenic with D301 resin. cb is the initial arsenic concentration in the
NiSO4 solution.

γ = ma

mc
(2)

where γ is the amount the arsenic removed per gram of D301 resin.ma is the amount
of arsenic removed with the D301 resin, and mc is the amount of the D301 resin in
the NiSO4 solution.
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Results and Discussion

Selection of Removal Reagents

Table 1 shows the effect of removing arsenic with N235, SO
2−
4 -loaded D301 and

WO2−
4 -loaded D301. It can be seen that the removal ratio of arsenic is 55.77% with

SO2−
4 -loaded D301, 57.72% with N235 and 93.05% with WO2−

4 -loaded D301. It can
be found that the arsenic removal ratio of WO2−

4 -loaded D301 is the highest among
the three methods. The WO2−

4 -loaded D301 is transformed as follows:

R − Cl + OH− → R − OH + Cl− (3)

2R − OH + WO2−
4 → R2 − WO4 + 2OH− (4)

The tungstate radical
(
WO2−

4

)
loaded in the resin will form insoluble nickel

tungstate (NiWO4) with Ni2+ of the solution as follows:

WO2−
4 + Ni2+ = NiWO4 (5)

It prevents the loss of WO2−
4 at high concentration of SO2−

4 · AsO3−
4 reacts with

WO2−
4 in the resin under acidic condition. They can form macromolecular groups

([AsW12O40]3−, [AsW9O34]9−) improving the resin selectivity to remove arsenic.
The reaction equations are as follows:

AsO3−
4 + 12NiWO4 + 24H+ → [AsW12O40]

3− + 12H2O + 12Ni2+ (6)

AsO3−
4 + 9NiWO4 + 12H+ → [AsW9O34]

9− + 6H2O + 9Ni2+ (7)

Figure 1a shows IR spectra of D301 at each stage. Compared with spectrum➀, the
weak absorption peak at 989 cm−1 of spectrum➁ is caused by νas(W=O). It proves
that WO2−

4 as been loaded in the D301. There are three characteristic vibration
patterns at 887, 912, and 945 cm−1, which correspond to νas(As−Oa), νas(W–Ob–
W), νas(W–Od) of spectrum➂, respectively. The characteristic peak at 989 cm−1 is
attributed toW=O stretching vibration. This infers that AsO3−

4 of the NiSO4 solution

Table 1 Effect of three methods for arsenic removal

Extraction SO2−
4 -loaded D301 WO2−

4 -loaded D301

ca after removed/(mg/L) 21.66 22.66 3.56

β/% 57.72 55.77 93.05

Note ca before removing arsenic is 51.23 mg/L
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Fig. 1 IR spectra of D301 at each stage (a), and WO2−
4 -loaded D301 at different pH (b)

is removedwithWO2−
4 -loadedD301 and form arsenotungstic acid like [AsW9O34]−9

or [AsW12O40]3− [9].
Figure 1b is the infrared analysis diagram of WO2−

4 -loaded D301 at different pH.
As can be seen from spectrum➃, theweak absorption peak at 985 cm−1 was caused by
νas(W=O). This implies that the resin has been transformed successfully. Spectrum➅
shows characteristic vibration patterns at 744 and 985 cm−1, which correspond to
νas(W–O–As) and νas (W–Od). The weak absorption peak at 985 cm−1 is also caused
by νas(W=O). Compared with spectrum➅ and spectrum➆, it has a better effect of
removing arsenic at pH value of 2.5.

Based on the above, arsenic of the NiSO4 solution can be removed with WO2−
4 -

loaded D301.

Effect of pH Value of the Solution

Table 2 gives the effect of removing arsenic with WO2−
4 -loaded D301 at different

pH values. The arsenic concentration after removed is reduced to 4.77 mg/L when

Table 2 Effect of removing arsenic with WO2−
4 -loaded D301 at different pH value

pH 0.1 0.26 0.5 1.01 1.45 2.27 2.5 3.06 4.13 5.73

ca after
removing
arsenic
(mg/L)

38.48 36.54 30.37 21.09 14.11 6.10 5.45 4.77 10.17 36.99

Note Reaction temperature is 20 °C, reaction time is 4 h, initial arsenic concentration in the

NiSO4 solution is about 50 mg/L, and the concentrations of Ni2+ and SO2−
4 are 60 g/L, 100 g/L,

respectively
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Fig. 2 Effect of the value of pH (a), and time (b) on arsenic removal. Note Reaction time for
(a) is 4 h, the pH value of the solution for (b) is 2.27, reaction temperature is 20 °C, initial arsenic
concentration in the NiSO4 solution is about 50 mg/L, and the concentrations of Ni2+ and SO2−

4
are 60 g/L, 100 g/L

the pH value was 3.06. As the pH value rises to 5.73, the arsenic concentration rises
to 36.99 mg/L. This is because AsO3−

4 can form various arsenotungstic acids with
WO2−

4 low pH value. The molar ratio of arsenic to tungsten is 1:12, 1:11, 1:9, 1:6,
1:9, 1:8.5 [10].

Figure 2a shows the effect of the value of pH on arsenic removal. The arsenic
removal capacity of D301 first increases and then decreases with the increase of pH
value. The maximum amount of arsenic removed is at the pH value of 3.06. The
arsenotungstic acid exists in the form of [AsW12O40]3− at pH value of 1.01 as shown
in Eq. (6). When the pH value is 2.27, it includes [AsW12O40]3−, [As2W21O71]6−,
and [AsW11O39]7−. The equations may be as follows:

2AsO3−
4 + 21NiWO4 + 42H+ = [As2W21O71]6− + 21H2O + 21Ni2+ (8)

AsO3−
4 + 11NiWO4 + 18H+ = [AsW11O39]7− + 9H2O + 11Ni2+ (9)

At the pH value of 3.06, it also generates new arsenotungstic acid, such as
[As2W18O62]6−, [As2W19O67]10−. The equations are as follows:

2AsO3−
4 + 18NiWO4 + 36H+ = [As2W18O62]6− + 18H2O + 18Ni2+ (10)

2AsO3−
4 + 19NiWO4 + 34H+ = [As2W19O67]10− + 17H2O + 19Ni2+ (11)

There are some arsenotungstic acids at the value of pH is 5.73, such as
[As2W21O71]6−, [AsW11O39]7−, and [As2W18O62]6−.

Figure 2b gives the arsenic concentration in the NiSO4 solution and arsenic
removal amount of WO2−

4 -loaded D301 at different reaction times. It can be seen
that the arsenic concentration drops rapidly from 50.5 mg/L to about 15 mg/L within
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60 min. The arsenic removal ratio reached 75%. The arsenic concentration keeps
about 5 mg/L. It can remove 99% of arsenic in the NiSO4 solution.

Reaction Time and Kinetics Analysis

According to Fig. 2b, the optimal reaction time is 4 h. Generally, the models of
quasi-first-order and quasi-second-order kinetics are selected. Their linear equations
are as follows:

ln(Qe − Qt ) = lnQe − k1 (12)

t

Qt
= 1

k2Q2
e

+ t

Qe
(13)

where Qt is the arsenic removal amount of resin at a certain time, Qe is the arsenic
removal amount of resin under saturation, k1 is the constant of quasi-first-order rate,
and k2 is the constant of quasi-second-order rate.

Figure 3a shows the correlation coefficient of the quasi-first-order kinetic model
for fitting the arsenic removal process is 0.9965. That of quasi-second-order kinetic
model is 0.9853. It is indicated that the quasi-secondary kinetic model can better
explain the arsenic removal process with WO2−

4 -loaded D301.
Figure 3b shows the relationship of 1 + 2(1 − α) − 3(1 − α)

2
3 and time. The

relevant parameters were obtained by linear fitting. It can be seen that the correlation
coefficient of the diffusion equation for the arsenic removal process is 0.9803. This
can explain that the process of removing arsenic is mainly controlled by the diffusion
of arsenic in the resin [12].

Fig. 3 Quasi-first-order (line➀) and quasi-secondary-order (line➁) kinetic models (a), and fitting
the diffusion equation of removing arsenic with WO2−

4 -loaded D301 (b)
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The process of removing arsenic can be regarded as the liquid–solid reaction. The
D301 resin is a uniform sphere. The model of shrinking core can better describe
the reaction mechanism of removing arsenic with WO2−

4 -loaded D301 [11]. Finally,
Eq. (14) is obtained after formula derivation.

6nDCA

ρB R2
× t =

[
1 + 2(1 − α) − 3(1 − α)

2
3

]
(14)

Reaction Temperature

Figure 4 expresses the effect of reaction temperature on the arsenic removal process.
The arsenic removal amount is approximately unchanged below 25 °C. The higher
the temperature, the more arsenic removal amount of resin. The reasons may be as
follows:

(1) The process of removing arsenic with WO2−
4 -loaded D301 is endothermic

reaction.
(2) The rise of temperature increases D301 resin’s activity and diffusion rate of

AsO3−
4 in the NiSO4 solution. It makes the D301 resin fully contact and react

with arsenic in the solution.

From the point of view of industrialization, the economic cost of rising the temper-
ature to 50 °C is much greater than 20 °C. In addition, D301 resin belongs to organic
substance. When the temperature is above 50 °C, it will be destroyed. Therefore, the
optimum temperature of removing arsenic is 20 °C with WO2−

4 -loaded D301.

Fig. 4 Effect of reaction
temperature on the arsenic
removal process. Note The
pH value of the solution is
3.0, reaction time is 4 h,
initial concentration of
arsenic in the NiSO4 solution
is about 50 mg/L, and the
concentrations of Ni2+ and
SO2−

4 are 60 g/L, 100 g/L,
respectively
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Fig. 5 Effect of initial concentration of arsenic on arsenic removal (a), and the relationship between
the initial arsenic concentration and arsenic removal amount (b).NoteReaction temperature is 20 °C,
the pH value of the solution is 3.0, reaction time is 4 h, and the concentrations of Ni2+ and SO2−

4
in the NiSO4 solution are 60 g/L, 100 g/L, respectively

Initial Concentration of Arsenic

The effect of initial concentration of arsenic on arsenic removal is shown in Fig. 5a.
It can be seen that the initial arsenic concentration is 225.5, 107.3 and 50.5 mg/L in
the NiSO4 solution. As time goes on, the arsenic concentration decreases to a stable
level. Within the first hour, the concentration of arsenic decreased rapidly. In the later
stage of reaction, the arsenic removal rate of the resin tends to be flat.

Figure 5b shows the relationship between the initial arsenic concentration and
arsenic removal amount. It described that the higher initial concentration of arsenic
in the NiSO4 solution, the higher concentration of arsenic removed with WO2−

4 -
loaded D301. When arsenic concentration of the reactants is moderate, resin can
reach the highest removal ratio of arsenic.

Considering comprehensively, 100 mg/L is the optimal initial concentration of
arsenic in the process of arsenic removal.
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Conclusions

(1) By comparing the performance of three arsenic removal reagents (sulfonated
kerosene andN235, SO

2−
4 -loadedD301 resin,WO2−

4 -loadedD301 resin),WO2−
4 -

loaded D301 has the best removal ratio of arsenic in the NiSO4 solution. When
theWO2−

4 -loaded D301 was used, arsenic can form the arsenotungstic acid with
WO2−

4 in the resin. The formation of arsenotungstic acid makes arsenic remove
thoroughly.

(2) Four conditional experiments are carried out, like pH value of the solution, reac-
tion time, temperature, and initial concentration of arsenic. The results shown
that the most significant factors affecting arsenic removal with WO2−

4 -loaded
D301 are pH value of the solution and reaction time.

(3) The optimum conditions for industrialization are as follows: reaction temper-
ature is 20 °C, reaction time is 4 h, pH value of solution is 3.0, and the initial
concentration of arsenic is about 100 mg/L.
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Activated Carbon Prepared
from Bituminous Coal/Poplar Blends
by Direct KOH Activation

Xiaohu Zhou, Shengfu Zhang, Yuyang Wei, Xiong Xiao and Weiyi Chen

Abstract Columnar activated carbons (ACs) were prepared from the bituminous
coal/poplar blends using KOH as an activation agent by varying the mass ratio (bitu-
minous coal/poplar and KOH/carbon materials). The specific 2D-NLDFT surface
area and total pore volume of the prepared ACs are in the range of 436–825 m2/g
and of 0.193–0.360 cm3/g, respectively. The pore size distribution of ACs shows that
most of the pores are in the range from large micropores to small mesopores and their
distribution can be controlled by both mass ratios. While the obvious differences in
surface morphology between the wood and coal phase, as expected from the intrin-
sic property of the two materials, were observed from SEM images, the former was
irregular, heterogeneous, and highly porous, while the latter showed a smooth and
regular surface.

Keywords Bituminous coal · Poplar · Activated carbon · Specific area ·
Microcrystalline structure

Introduction

As we know, activated carbons have an excellent adsorption capacity because of
their internal structure which consists of a large number of interconnecting fine
pores [1]. And activated carbon (AC) has been widely used in many separation,
purification, and adsorption chemical industries [1, 2]. They are usually made from
various carbonmaterials (such as coal, wood, and other biomass) through physical or
chemical activation processes [3, 4]. So the properties of activated carbon are largely
determined by the carbon materials and preparation process [5].

Coal and lignocellulosic materials are the major sources for the production of
commercial activated carbons. The literature shows that activated carbon made from
hard materials with small internal pores, such as anthracite, bituminous coal, and
nut shell, is characterized by lots of micropores, small pore openings, long internal
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pores, and highly adsorption potential, which is suitable for gas phase adsorption.
And activated carbon prepared from lignite and sawdust with large original internal
pores shows more transition pores (mesopore), and the internal pores are short and
thick, which is suitable for liquid phase adsorption [6]. At present, because of the
large production, abundant reserves, and plentiful microporous structure, coal is
widely used as a feedstock for the production of activated carbons. Thus, coal-based
activated carbon has been extensively used in flue gas treatment [7, 8]. However, coal
is nonrenewable as it is used it is also used up, raising prices, and limiting further
increases in productivity. Whereas, in the wood processing nearly twenty percent of
the total input mass residues, comprised of sawdust, slabs, off-cuts, shavings, and
chips, are usually disposed of either by burning or disposal in landfills [9]. Hence,
it is meaningful to prepare activated carbon by combining coal with sawdust, which
could both reduce coal resource consumption andmaintain reasonable pore structure.

Themain objective of thiswork is to produce promisingACs frombituminous coal
and poplar by chemical activation. The 1/3 coking coal and poplar blends were acti-
vated using KOH as a chemical activating agent. We concentrated on the evaluation
of these different variables: the effect of coal/wood and carbon materials/KOH ratio.
The textural characteristics, surface morphology and surface chemical properties of
the prepared ACs were also studied in detail.

Experimental

Materials

In this study, 1/3 coking coal and poplar as raw carbon materials, starch as binder,
and KOH as activating agent were used to prepare the columnar activated carbon.
The two types of raw carbon materials were powdered and sieved to get the powder
with the particle size less than 150 μm. The approximate elemental analysis of the
two types of raw carbon materials was listed in Table 1.

Preparation of Activated Carbons

A chemical activation method was employed to prepare ACs from 1/3 coking coal
and poplar. The raw carbon materials were first dried and then mixed in different
proportions (1/3 coking coal to poplar by 1, 3/1, or 3/2). The different mass ratio of
activating agent to powdered raw materials (1/2, 1/1, or 3/2) was taken and mixed by
dipping. The mixture was heated at 1073 K for 2 h in a horizontal tube furnace under
the N2 atmosphere to remove volatile and activate the samples. The activated carbons
were washed out firstly with deionized water, then with 0.5 M HCl, and finally with
deionized water again until the pH of the rinse reaches around 7. Subsequently, the



Activated Carbon Prepared from Bituminous … 207

Ta
bl
e
1

M
ai
n
in
gr
ed
ie
nt
s
of

ra
w
m
at
er
ia
ls
(%

)

Sa
m
pl
es

Pr
ox

im
at
e
an
al
ys
is

E
le
m
en
ta
la
na
ly
si
s

M
oi
st
ur
e

A
sh

V
ol
at
ile

Fi
xe
d
ca
rb
on

C
H

O
N

S

1/
3c
ok
in
g
co
al

2.
21

11
.7
5

33
.6
4

52
.4

78
.3
0

5.
25

8.
24

0.
94

0.
15

po
pl
ar

6.
56

0.
64

84
.9

7.
9

45
.9
5

6.
30

41
.9
2

0.
18

0.
13



208 X. Zhou et al.

Table 2 Experimental design

Entry CWm-r Mcoal/Mwood MKOH/Mrm Temperature (°C)

1 CW10-1 1:0 1:1 800

2 CW31-0.5 3:1 0.5:1 800

3 CW31-1 3:1 1:1 800

4 CW31-1.5 3:1 1.5:1 800

5 CW32-1 3:2 1:1 800

Nomenclature = m-r, where m is mass amount of coal and poplar, r is the ratio of KOH to raw
materials

ACs powder, starch, and deionized water were mixed at 353 K, and then columnar
coke (∅ 10 mm) was obtained through a vacuum hydraulic extruder. Finally, the
columnar AC was carbonized at 523 K for 1 h in N2 atmosphere to remove the
volatile substance of starch. The heating rate of the whole process was 10 K/min.

Five groups of samples, under different conditions, were prepared, and the param-
eters of each sample are listed in Table 2.Meanwhile, the ACswere named according
to the mass ratio of the two types of raw carbon materials and the activating agent.

Characterization of Activated Carbon

Nitrogen adsorption capacity of ACs was measured using Quadrasorb 2MP (Quan-
tachrome, USA) at 77 K. The samples were degassed at 573 K for 15 h under vacuum
condition before analysis. The specific surface area, pore size distribution (PSD), and
pore volume of the samples were calculated according to the non-local density func-
tional theory (2D-NLDFT) using the nitrogen adsorption isotherm [10, 11]. Raman
spectroscopy (Laser Raman Spectrophotometer, NRS5100, JASCO) study was car-
ried out to understand the graphitic planar crystalline size and disordered region
of the prepared ACs. The morphology of ACs samples has been observed by SEM
(JEOL JSM-7800FFEGSEM) instrument. The SEM imageswere taken in secondary
electrons; the acceleration voltage was equal to 15 kV, and the emission current
was 20 pA.

Iodine number is widely used to evaluate the adsorption capacity of activated
carbon, higher number indicates higher degree of activation, because of its simplicity
and a rapid assessment of activated carbon quality. The iodine number is defined as
the amount of iodine adsorbed by 1 g of carbon at the mg level, which indicates the
porosity of activated carbon [12]. And in this study, the standard GB/T 7702.7-2008
was adapted.
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Results and Discussion

Specific Surface Area and Porosity

The adsorption and desorption studies of nitrogen on ACs were conducted to charac-
terize the prepared ACs. The nitrogen adsorption and desorption isotherm curves of
ACs at 77K are shown in Fig. 1. The nitrogen adsorption isotherms show typical three
stepswith the increase in relative pressure. The first step is a steeply increasing region
at low relative pressures less than 0.02, which stands for the adsorption or conden-
sation in small microspores. Then the adsorption amount slowly increases with rela-
tive pressure with notable hysteresis which indicating the existence of mesoporous.
Finally, the adsorption amount increases abruptly at near the saturation pressure of
nitrogen because of active capillary condensation. The ACs prepared in the study
show the compound isotherms of type I and type IV according to the IUPAC classifi-
cation, which shows that ACs have a large number of microporous and mesoporous
structures at the same time.

The pore texture properties, including the specific surface areas, pore volume,
and pore distribution, calculated by 2D-NLDFT method are listed in Table 3 and
depicted in Fig. 2, respectively. The ACs show a wide range of well-developed pores
(approximately from 0.5 to 5 nm) with a narrow peak at a pore width around 0.5–
1.5 nm and properly developed small mesoporous in the range of 2–5 nm (Fig. 3).
Meanwhile, the effect of the mass ratio of coal/wood and KOH/carbon-precursor
could be observed clearly.

Fig. 1 Nitrogen adsorption/desorption isotherms of ACs at 77 K
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Fig. 2 NL-DFT pore size distribution of ACs

Table 3 Yield and textual properties of the ACs

Samples Surface area (m2/g) Pore volume
(cm3/g)

Yield, % Iodine number
(mg/g)

Micro Meso

CW10-1-800 815 0.312 0.039 68.2 922

CW31-1-800 832 0.277 0.083 52.3 893

CW32-1-800 556 0.214 0.050 42.4 795

CW31-0.5-800 436 0.172 0.021 57.9 383

CW31-1.5-800 683 0.270 0.022 51.2 873

Fig. 3 SEM images of CW31-1. (a)×200; (b) wood phase in 10,000 times; (c) coal phase in 10,000
times
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The mass ratio of carbon to KOH caused some changes in the pore textural prop-
erties of the activated carbon. Compared with CW31-0.5-800, CW31-1-800, CW31-
1.5-800, the surface areas, and pore volume of activated carbon were 436, 832,
683 m2/g, and 0.193, 0.36, and 0.292 cm3/g, respectively. It can be found here that,
with the increased mass ratio of KOH to carbon, both parameters increased first and
then decreased. The evolution mechanism is, with the increased burn-off, the pore is
formed first then the adjacent wall structures between the micropores was collapsed
induced the enlargement of the pore diameter [13]. With the increased mass ratio
of wood in the carbon-precursor, the micropore volume of the prepared activated
carbon shown a decreased trend, which was supported by CW10-1, CW31-1, and
CW32-1 (Table 3). These results could be connected to the difference between coal
and wood, as stated previously. The activated carbon prepared from coal contains
much micropore, while the one from wood shows more mesopore and macropore.
And it should be noted here that the specific surface increased slightly first, from
815 to 832 cm2/g, and then decreased obviously, from to 832 to 556 cm2/g. This is,
to a great extent, caused by the change of pore structure. Even though the micropore
volume decreased at a certain extent, from 0.312 to 0.277 m3/g, while the mesopore
volume goes through a rise at a greater extent, from 0.039 to 0.083 m3/g. However,
when the mass ratio of coal to wood come to 3:2, both the micropore and mesopore
pore volume show a decreased trend, from 0.277 m3/g to 0.214 m3/g and 0.083 m3/g
to 0.050 m3/g, respectively. This is induced by the augment of pore diameter, as the
pore size distribution shown in Fig. 3, due to the higher relative content of wood
decreased the content of fixed carbon so the mass ratio of KOH to fixed carbon was
increased during the activation process in another form. What is more, the yield of
carbon-precursor also decreased with the increase of wood because of the low fixed
carbon content of wood.

The iodine number of activated carbon prepared at different conditions was also
illustrated in Table 3. And there were good correlation between the iodine number
and micropore volume, as described in the literature [14], due to the adsorption of
iodine manly take place in the micropore. In this study, CW31-1 have the highest
specific surface area, 832 m2/g to be exact, and CW10-1 have the highest yield,
namely 68.2%, at the same time, the iodine number and specific surface area were
also high, that was 922 mg/g and 815 m2/g, respectively. So CW10-1 has the best
comprehensive performance. However, for the purpose of utilizing saw dust resource
and savehigh-quality coal resource, theCW31-1was chosen as the optimumactivated
carbon in this work.

SEM

The surface morphology of CW31-1 was recorded and shown in Fig. 3. As can be
observed, there are obvious difference between the coal phase and wood phase. The
wood phase shows an irregular, heterogeneous, and highly porous surface. And it
should be noted here that many mesopore could be observed on the wood surface
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(Fig. 3b). However, the coal phase has a distinctly different surface morphology
(Fig. 3c), which is still granular, without any of the porosity. This difference reveals
that the pore structure of activated carbon is greatly influenced by the properties of
raw materials. The fixed carbon content of wood is about 10%. Therefore, the wood
phase has a loose pore structure with more mesoporous and macroporous. On the
contrary, the fixed carbon content of coal, especially bituminous and anthracite is
high, which is associated with dense aromatic ring structure. And the pore structure
is a slit between graphite microcrystalline lamellae, so it is generally a microporous.

Raman Spectra Analysis

Raman spectroscopy is a conventional non-destructive structural analysis method,
which is often used to analyze the fine structure of diamond, graphite, carbon nan-
otubes, coke, and other materials [15, 16]. The Raman spectra of the activated carbon
are shown in Fig. 4. The ACs represent two main broad peaks (G and D). The G band
located at 1576.1 cm−1 suggests the presence of graphitic crystalline structure which
corresponds to the stretching vibration of the sp2 carbon atoms in the aromatic hexag-
onal sheet. The Raman shift at 1250–1450 cm−1, peak D (generally termed disorder
band), refers to dual resonance Raman scattering mode, mainly reflecting informa-
tion on defects in lattice structures and vacancies in aromatic ring lamellae [17, 18].
Therefore, the value of ID/IG is often used to characterize the ordering degree of
carbon materials. At the same time, the characteristic size of microchip layer (La)
can be calculated by Tuinstra-Koenig (TK) formula.

Fig. 4 Raman spectra of activated carbon
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Table 4 Raman test results

Carbons G band
(cm−1)

Intensity
(IG)

D band
(cm−1)

Intensity
(ID)

Aromatic
sheet
diameter La
(nm)

ID/IG

CW10-1 1585 1635 1329 1559 4.63 0.95

CW31-1.5 1590 1290 1340 1329 4.27 1.03

CW31-1 1587 1622 1342 1660 4.31 1.02

CW31-0.5 1585 1635 1333 1604 4.49 0.98

CW32-1 1577 848 1326 884 4.23 1.04

I(D)

I(G)
= (C(λ))/La

C(λ) = 2.4 × 10−10 ∗ λ4

λ The Raman excitation wavelength
La Aromatic sheet diameter.

In this study, the intensity ratios (ID/IG) for ACs are in the ranges of 0.95–1.04
as given in Table 4. With the increased of the mass ratio of poplar to coal, the value
of ID/IG was also increased, which means the rise of the disordered regions in the
graphitic cluster. And this phenomenon may be relevant to the size of graphitic crys-
talline structure from lignocellulose is smaller and has more edges. Meanwhile, the
highermass ratio of KOH tomaterial also lead to the growth of the disordered regions
in the graphitic cluster, which could attributed to the ablative intensity increased. It
has reported that some defective area may be the activity adsorption site for some
molecule, such as the sulfur dioxide [19]. Therefore, it is helpful, to a certain extent,
to improve the adsorption performance for some matters by increase the disordered
regions in the graphitic cluster.

Conclusions

In this study, an activated carbon was prepared from 1/3 coking coal and poplar,
using KOH as a chemical agent. The effect of the mass ratio of coal/wood and
KOH/carbon-precursor on the properties of activated carbons were examined.
Adsorption/desorption of N2, SEM, Raman were applied to characterize the texture,
morphology, and microcrystalline structure. The activated carbons were predomi-
nantly microporous adsorbents. With the increased of the mass ratio of poplar to
1/3 coking coal, the volume of micropore was decreased. This phenomenon could
attribute to the structural difference between the coal and wood phase in AC, which
was evaluated by SEM. The wood phase is loosely structured and a large number
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of mesoporous and macropore structures can be observed, while the coal phase is
densely structured. Based on the results, it is suggested the activated carbon with
excellent properties could be manufactured using the mixture of bituminous coal
and poplar under appropriate conditions, which could be used for flue gas treatment,
requiring abundant microstructure.
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(Project 51774061) and the Fundamental Research Funds for the Central Universities (Project
No.06112017CDJQJ138801).

References

1. Zondlo JW, Velez MR (2007) Development of surface area and pore structure for activation of
anthracite coal. Fuel Process Technol 88(4):369–374

2. Dias JM, Alvimferraz MC, Almeida MF et al (2007) Waste materials for activated carbon
preparation and its use in aqueous-phase treatment: a review. J EnvironManage 85(4):833–846

3. Ahmadpour A, Do DD (1996) The preparation of active carbons from coal by chemical and
physical activation. Carbon 34(4):471–479

4. YanL, Sorial GA (2011)Chemical activation of bituminous coal for hampering oligomerization
of organic contaminants. J Hazard Mater 197(none):311–319

5. Wang J, Kaskel S (2012) KOH activation of carbon-based materials for energy storage. J Mater
Chem 22(45):23710–23725

6. Guo MK, Xie ZL, Ye ZH et al (2017) Adsorption technology by activated carbon & its
application in environment engineering, 2nd edn. Chemistry Industry Press, Beijing

7. Yang L, Jiang X, Jiang W et al (2017) Cyclic regeneration of pyrolusite-modified activated
coke by blending method for flue gas desulfurization. Energy Fuels 31(4):4556–4564

8. Lin Y, Li Y, Xu Z et al (2018) Transformation of functional groups in the reduction of NO with
NH3 over nitrogen-enriched activated carbons. Fuel 223(none):312–323

9. Puziy AM, Poddubnaya OI,Martínez-Alonso Amelia (2007) Oxygen and phosphorus enriched
carbons from lignocellulosic material. Carbon 45(10):1941–1950

10. Puziy AM, Poddubnaya OI, Gawdzik B et al (2016) Comparison of heterogeneous pore models
QSDFT and 2D-NLDFT and computer programs ASIQwin and saieus for calculation of pore
size distribution. Adsorption 22(4–6):459–464

11. Jagiello J, Olivier JP (2013) 2D-NLDFT adsorption models for carbon slit-shaped pores with
surface energetical heterogeneity and geometrical corrugation. Carbon 55(Complete):70–80

12. ASTM (2006) Standard test method for determination of iodine number of activated carbon.
ASTM Committee on Standards, ASTM D 4607-94, ASTM, Philadelphia, PA, USA

13. Foo KY, Hameed BH (2012) Potential of jackfruit peel as precursor for activated carbon
prepared by microwave induced NaOH activation. Bioresour Technol 112(none):143–150

14. Ceyhan AA (2013) Surface and porous characterization of activated carbon prepared from
pyrolysis of biomass by two-stage procedure at low activation temperature and it’s the
adsorption of iodine. J Anal Appl Pyrol 104:378–383

15. Tuinstra F, Koenig JL (1970) Raman spectrum of graphite. J Chem Phys 53(3):1126–1130
16. Mallet-Ladeira Philippe (2014) A Raman study to obtain crystallite size of carbon materials:

a better alternative to the Tuinstra-Koenig law. Carbon 80:629–639
17. Mallet-LadeiraP, PuechP,WeisbeckerP et al (2014)Behavior ofRamanDband for pyrocarbons

with crystallite size in the 2–5 nm range. Appl Phys A 114(3):759–763



Activated Carbon Prepared from Bituminous … 215

18. Wang J, Kaskel S (2012) KOH activation of carbon-based materials for energy storage. Mater
Chem 22(45):23710–23725

19. Jiang WJ (2003) Study on the desulfurization characteristics of activated carbon modified by
microwave. Sichuan University



Preparation of Thermal Insulation
Materials from Ferronickel Slag
with Addition of Fly Ash Cenosphere

Lei Yang, Zhiwei Peng, Yawen Huang, Liancheng Wang, Leixia Zheng,
Mingjun Rao, Guanghui Li and Tao Jiang

Abstract Ferronickel slag is the fourth largest industrial waste in China, in urgent
need of efficient treatment. In this study, a facile route for preparing thermal insulation
materials from ferronickel slag with the addition of fly ash cenosphere (FAC) was
developed based on thermodynamic calculation and experimental exploration. The
experimental results showed that a high-quality insulation material with thermal
conductivity of 0.4752 W/(m K), bulk density of 1.36 g/cm3, compressive strength
of 49.13 MPa, water absorption of 16%, and linear shrinkage of 14.7% could be
obtained when the ferronickel slag was sintered with the addition of 25 wt % FAC at
1200 °C for 2 h. The method is expected to provide a useful guide for value-added
treatment of ferronickel slag.

Keywords Ferronickel slag · Fly ash cenosphere · Phase transformation · Thermal
conductivity

Introduction

The rapid development of metallurgical industry has led to a large number of indus-
trial solid wastes. Ferronickel slag is currently the fourth largest industrial waste in
China, which poses a serious threat to the ecosystem [1]. In view of the physico-
chemical characteristics of ferronickel slag, many studies and industrial practices
have been carried out. Up to now, the total generation of ferronickel slag is more
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than 0.2 billion tons in China, among which only 8% is utilized for producing build-
ing materials [2–7], geopolymer [8, –10], concrete [11], and for recovering valuable
metals [12, 13]. Its use in producing building and refractory materials had good
mechanical and thermal properties which can meet the general production require-
ments [14]. In particular, its application in the preparation of refractorymaterials was
mainly attributed to the conversion of the olivine phase in the slag to high melting
point phases after sintering, including forsterite and various spinels [15]. As forsterite
and spinels are also components with low thermal conductivity, ferronickel slag may
be used as a material for producing high-quality thermal insulation materials if its
density can be further reduced.

Fly ash cenosphere (FAC) is the by-product of coal-fired power plants and is
formed by melting, pelletizing, and condensation of ash in pulverized coal in the
high temperature flame. Improper disposal of FAC leads to environmental problems.
Because FAC is constituted by a number of hollow glassy microspheres with density
less than 1.0 g/cm3 [16], it is widely used as pore former. For the same reason, its
combined usewith ferronickel slagmay contribute to a very low thermal conductivity
of the resulting material [17, 18].

In the present study, the feasibility of preparing insulation materials from fer-
ronickel slag in the presence of FAC by sintering was assessed based on the thermo-
dynamic analysis and experimental exploration. The findings are expected to provide
a novel and economic guide for utilization of both wastes.

Experimental

Materials

The main raw materials were ferronickel slag and FAC. The ferronickel slag sample
was obtained from a ferronickel smelting plant. The X-ray diffraction (XRD) pattern
of ferronickel slag (Fig. 1a) shows that the olivine was its main phase component.
The XRD pattern of FAC (Fig. 1b) shows that it was mainly composed of mullite
and quartz. For preparing the thermal insulation materials through briquetting, an
organic binder, sodium carboxymethyl cellulose (CMC), was also used.

Experimental Procedure

According to the chemical compositions of ferronickel slag and FAC, the addition
of FAC was varied from 15 to 35 wt %. Initially, the grounded ferronickel slag
(particles passing 74µm sieve) and FAC (particles passing 74µm sieve) were mixed
in a planetary ball mill for 30 min. It was then used for producing briquettes of
20 mm in diameter and 15 mm in height by uniaxial pressing at 6 MPa with addition
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(a) (b)

Fig. 1 XRD patterns of a ferronickel slag and b FAC

of 0.5 wt % CMC (0.6 g/cm3) as the binder. The briquettes were then dried in a
vacuum drying oven at 105 °C for 3 h. After drying, the briquettes were placed in a
muffle furnace for sintering at designated temperatures for given periods of time. The
sintered briquettes were cooled to room temperature as thermal insulation materials
for subsequent characterization tests.

Characterizations

The phase constituents of the sampleswere identified using anX-ray diffraction spec-
trometer (XRD,D/max 2550PC, JapanRigakuCo., Ltd). Themorphological changes
of the sintered sampleswere characterized using an electron scanning electronmicro-
scope (SEM; FEI QUANTA 200; FEI, Eindhoven, The Netherlands) equipped with
an EDAX energy dispersive X-ray spectroscopy (EDS) detector (EDAX Inc., Mah-
wah, NJ, USA). The values of thermal conductivity of the samples were determined
using a thermal constant analyzer (Hot Disk TPS2500S, Sweden). The values of
bulk density, linear shrinkage, water absorption, and compressive strength of the
insulation materials were measured according to the Chinese National Standard Test
Methods (GBT 1966-1996, GBT 5998-2007 and GBT 5072-2008).



220 L. Yang et al.

Result and Discussion

Thermodynamic Analysis

Theoretically, the effect of FAC addition on the preparation of thermal insulation
materials from ferronickel slag can be predicted by the variations of contents of ther-
modynamic equilibriumphases of the slag in the presence of FAC at high temperature
(e.g., 1200 °C), as shown by the ternary phase diagram ofMgO–SiO2–Al2O3 system
in Fig. 2, which was calculated by the software FactSage 7.0. The main components
of the ferronickel slag were SiO2 and MgO, whose reactions produce relatively high
melting point phases with low thermal conductivity, such as enstatite, cordierite,
sapphirine, and cristobalite. The shaded area in Fig. 2 shows the potential phase
transformation in the presence of FAC. The green point in Fig. 2 indicates the com-
position of ferronickel slag, and the dotted arrow indicates the possibility of altering
its chemical composition by FAC addition. The phase diagram reveals that the pri-
mary phases (Mg2SiO3, Mg2SiO4, and Mg2Al4Si5O18) are transformed into the new
phases (Mg2SiO3, Mg2Al4Si5O18, and SiO2) because of the addition of FAC (15–
35 wt %). The amount of each phase produced can also be calculated by FactSage
7.0 (Fig. 3) when the ferronickel slag system was added with FAC at 1200 °C. The
enstatite decreased gradually, but the cordierite and cristobalite increased simultane-
ously because increasing SiO2 and Al2O3 in the system will induce a few chemical
reactions which produce new phases. It is obvious that the phase composition of the
ferronickel slag can be changed by adding FAC. The main reactions can be given as
follows:

Fig. 2 Phase diagram of the
MgO–SiO2–Al2O3 system
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Fig. 3 Calculated contents
of thermodynamic
equilibrium phases in the
ferronickel slag system with
addition of FAC at 1200 °C

2[(Mg · Fe)O · SiO2]+ 3/2O2 = 2MgO · SiO2 + Fe2O3 + SiO2 (1)

2MgO · SiO2 + SiO2 = 2(MgO · SiO2) (2)

MgO · SiO2 +MgO = 2MgO · SiO2 (3)

14MgO+ 2Al2O3 + 17SiO2 = Mg2Al4Si5O18 + 12MgSiO3 (4)

X-Ray Diffraction Analysis

According to the ternary phase diagram of MgO–SiO2–Al2O3, with the addition
of FAC between 15 and 35 wt %, the main phases of the product after sintering are
enstatite, cordierite, and cristobalite. The contents of cordierite and cristobalite grad-
ually increase with increasing addition of FAC, but the content of enstatite decreases
gradually. The phase composition was consistent with the XRD patterns shown in
Fig. 4, which shows the main phases were enstatite, cordierite, and cristobalite.
The content of enstatite decreased gradually, while those of cordierite and cristo-
balite increased. Figure 5 shows the conversions of olivine and mullite, and quartz
to enstatite (relatively high bulk density and high refractoriness), cordierite (low
thermal conductivity and good corrosion resistance), and cristobalite (low thermal
conductivity), contributing to the high quality of the resulting insulation materials.
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Fig. 4 XRD patterns of thermal insulation materials obtained by sintering with different additions
of FAC at 1200 °C for 3 h

Fig. 5 Phase transformations during preparation of thermal insulation materials obtaining by
sintering with addition of FAC

Properties of the Insulating Refractory Materials

The effect of FAC addition on the properties of the thermal insulation material was
investigated when the slag was sintered with variable additions of FAC at 1200 °C
for 2 h. As shown in Fig. 6, in the presence of 15 wt % FAC, forsterite and enstatite
remained as the dominant phases, producing a thermal insulation material with rela-
tively high thermal conductivity and low compressive strength. In the addition range
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of 15–25 wt % FAC, the amounts of cordierite and cristobalite increased continu-
ously, causing lower thermal conductivity and higher compressive strength of the
thermal insulation material. In particular, with the addition of 25 wt % FAC, the ther-
mal conductivity and compressive strength were 0.4752 W/(m K) and 49.13 MPa,
respectively. When the addition of FAC increased to 35 wt %, the cristobalite and
cordierite phases increased gradually, reducing compressive strength.

The effect of FAC addition on the bulk density of the insulation material was also
evaluated under the same sintering conditions, as shown in Fig. 6. When the FAC
addition increased from 15 to 25wt%, the bulk density of thermal insulationmaterial
decreased from 1.67 to 1.36 g/cm3. As the FAC addition was further increased,
the bulk density of thermal insulation material decreased slowly. Obviously, the
changes were closely associated with the phase transformations of the sample during
sintering. Figure 7 shows the effect of FAC addition on the linear shrinkage and
water absorption of thermal insulation material. It is obvious that they had opposite
changing tendencies to that of bulk density.

According to theChineseNationalRefractoryMaterial ProductionStandard (GBT
2275-2007), a qualified thermal insulation material must meet the standard as fol-
lows: thermal conductivity less than 1.0 W/(m K), the bulk density must less than
1.5 g/cm3, and the compressive strength higher than 1.0MPa. Evidently, a good ther-
mal insulation material with thermal conductivity of 0.4752 W/(m K), bulk density
of 1.36 g/cm3, water absorption of 16%, linear shrinkage of 14.7%, and compressive
strength of 49.13 MPa was obtained when the ferronickel slag was sintered with
addition of 25 wt % FAC at 1200 °C for 2 h. The insulation material is also superior

Fig. 6 Effect of FAC addition on the thermal conductivity, compressive strength, and bulk density
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Fig. 7 Effect of FAC addition on the linear shrinkage and water absorption of thermal insulation
material

to commercial counterparts because of its higher compressive strength and other
improved properties.

Conclusions

The feasibility of a facile route for preparing thermal insulation materials from fer-
ronickel slag with addition of FAC was examined from both thermodynamic and
experimental perspectives. The thermodynamic equilibrium phases in ferronickel
slag with addition of FAC at 1200 °C were determined. The X-ray diffraction pat-
terns revealed that the main phases of the sintered product were enstatite, cordierite,
and cristobalite, which contributed to superior properties (e.g., low thermal conduc-
tivity and high compressive strength) of the resulting thermal insulation material.
The experimental results showed that under the conditions of addition of 25 wt %
FAC, sintering temperature of 1200 °C, and sintering time of 2 h, a good insulation
material with thermal conductivity of 0.345 W/(m K), bulk density of 1.36 g/cm3,
water absorption of 16%, linear shrinkage of 14.7%, and compressive strength of
49.13 MPa could be obtained.
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Leaching of Copper, Cobalt, and Nickel
from Complex Ore

Yotamu R. S. Hara, Golden Kaluba, Douglas Musowoya,
Kennedy Chikontwe, Choolwe Muchindu, Haggai Simfukwe,
Tina Phiri Chanda and Stephen Parirenyatwa

Abstract The paper focuses on leaching of complex copper–cobalt–nickel ore from
Mwinilunga district in Zambia, containing 0.6% Cu, 0.21% Co, 2.6% Fe, and 0.13%
Ni. Mineralogical examination of the ore using scanning electron microscope (SEM)
showed that copper, cobalt, and nickel exist in fine particles of heterogenite and
limonite mineral phases. The effects of leaching temperature, pH, and sodium meta-
bisulphate (SMBS) addition were studied. The optimal conditions were found as
follows: leaching temperature of 65–75 °C, leaching time of 1 h, and SMBS addition
at 0.6 wt%. Copper, cobalt, and nickel were recovered from the leach solution via
precipitation with sodium sulphide and magnesium oxide. Sodium sulphide was
more selective than magnesium oxide.

Keywords Heterogenite · Copper · Cobalt · Nickel and leaching

Introduction

Copper, cobalt, and nickel have wider applications [1–3]. Worldwide demand for
these metallic components is increasing with the rising demand for high temperature
applications, digital devices, and built environment and increasing focus on decar-
bonisation of the global economy [1–3]. Nickel and cobalt are used for production
of high temperature super alloys. Nickel is used in batteries, including rechargeable
nickel–cadmium batteries and nickel–metal hydride batteries used in hybrid vehi-
cles [4]. On the other hand, cobalt is used for making strong magnets, energy storage
devices, e.g. lithium–cobalt oxide batteries [5, 6].

The copper–cobalt ore deposits in Mwinilunga district of the North Western
province of Zambia contain nickel in the range of 0.05–0.3 wt%. Owing to the
high demand for nickel, it is important to recover it alongside copper and cobalt.
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The common method of treating low grade oxide ores is via leaching in which
the base metal(s) is selectively dissolved in acidic media [7]. The dissolution of the
base metal requires that the matrix of host phase is broken during leaching. For
example, leaching of copper and cobalt which is chemically combined with nickel,
iron, manganese, will lead to dissolution of all these elements in solution. Copper
and cobalt are chemically combined with nickel, manganese, aluminium, and silica,
in the Mwinilunga deposits. Therefore, two problems might be encountered during
hydrometallurgical treatment of this ore:

i. High acid consumption owing to dissolution of other elements (Ni, Fe, Mn, Al,
and Mg) which are chemically combined with copper and cobalt.

ii. Produces a contaminated leach solution due to the presence of other dissolved
elements.

Recovery of Cu, Co, and Ni from Leach Solution

Precipitation is the cheapest method of recovering copper, cobalt, and nickel from the
leach solution. At commercial scale, selective precipitation is achieved by controlling
pH as the respective compounds precipitate out at different pH values. The common
reagents which are used to precipitate out copper, cobalt, and nickel are alkaline
salts (MgO, CaO, NaOH, Na2CO3) [1, 2]. In essence, iron is first removed from the
leach solution as it precipitates out at a lower pH than copper, cobalt, and nickel, and
hence, it could contaminate these elements. Nonetheless, some cobalt is lost out as
it co-precipitates with iron [8]. In addition to loss of cobalt via co-precipitation with
iron, more serious problems might be encountered when the leach solution contains
aluminium and magnesium sulphate, such as (i) high consumption of alkaline salts
and, (ii) contamination of copper precipitate with aluminium as they precipitate in
the similar pH range.

Precipitation with Sodium Sulphide

Sodium sulphate (Na2SO4) is more stable than copper, cobalt, nickel, and iron sul-
phates. On the other hand, copper, cobalt, nickel, and iron sulphides are more stable
than sodium sulphide (Na2S). This means that when sodium sulphide is reacted
with copper, cobalt, nickel, and iron sulphates, an exchange reaction will occur as
represented by Eq. 1 where M represents Cu, Co, Ni, Fe, etc.

MSO4 + Na2S = MS+ Na2SO4 (1)

The plot of Gibbs free energy changes against temperature for the precipitation
of Cu, Co, Ni, Fe, and Mn with sodium sulphide via Eq. 1 shown in Fig. 1. One



Leaching of Copper, Cobalt, and Nickel from Complex Ore 229

0 10 20 30 40 50 60

-300

-280

-260

-240

-220

-200

-180
MnSO4 + Na2S = MnS + Na2SO4

FeSO4 + Na2S = FeS + Na2SO4

CoSO4 + Na2S = CoS + Na2SO4

NiSO4 + Na2S = NiS + Na2SO4

CuSO4 + Na2S = CuS + Na2SO4

G
ib

bs
 F

re
e 

En
er

gy
 (k

J)

Temperature (0C)

Fig. 1 Plot of Gibbs free energy against temperature for the precipitation of Cu, Co, Ni, Fe, and
Mn with sodium sulphide [9]

important feature which can be observed from Fig. 1 is that selective precipitation
can be achieved owing to the difference in the stability of the respective sulphides.
The following observations can be made from Fig. 1:

1. There is a wide window between the precipitation of CuS and NiS, and hence,
the former can be selectively precipitated.

2. There is a narrow window between the precipitation of CoS and NiS such that a
mixture of CoS and NiS can be obtained during precipitation.

3. There is a wide window between the precipitation of CoS and FeS such that it is
possible to selectively precipitate out CuS, CoS, and NiS, and hence, the former
can easily be selectively precipitated.

There are no studies that have been carried out onMwinilunga copper–cobalt ore,
and hence, this paper focuses on processing of this ore.

Experimental Procedure

The sample was collected fromMwinilunga district of the NorthWestern province of
Zambia. The as-received sample was crushed in a laboratory jaw crusher and ground
down to particle size of less than 150 µm. The full analysis of the sample is shown
in Table 1 from which it can be observed that the sample contains 0.57 wt% copper,

Table 1 Analysis of the as-received sample

Cu Co Fe Mn Ni Ca Si Mg Al F

0.57 0.20 2.41 0.42 0.13 1.39 23.48 14.94 4.99 0.89
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0.2 wt% cobalt, and 0.13 wt% nickel. It is worth noting that no studies have been
conducted on such material.

Leaching Experiments

A representative portion of the sample was collected and placed in a Pyrex glass. The
weight of the sample in each experiment was 500 g. All samples were leached at 33%
solids. The following parameters were varied during experiments in order to study
their effects: temperature, pH, and quantities of sodium metabisulphite (SMBS).
SMBS was added in powder form after the experiment had reached the set pH. A
constant pH of the solution was maintained throughout the experiment.

Precipitation of Copper, Cobalt, and Nickel

Copper, cobalt, and ironwere precipitatedwithmagnesium oxide or sodium sulphide
(Na2S). Both magnesium oxide and sodium sulphide were added in slurry form at
strength of 10% in order to minimise localised precipitation. The precipitation of
copper, cobalt, and nickel hydroxide is dependent on pH, and hence, these exper-
iments were carried out at fixed pH for a period of 1.5 h. Precipitation of copper
was carried out at pH of 5.5, whereas cobalt and nickel were precipitated at pH of
8.5. Iron has a tendency of precipitating alongside cobalt and nickel, and hence, iron
removal stage prior to precipitation of copper was carried out. For precipitation of
copper, cobalt, and nickel with sodium sulphide, a stoichiometric amount was added
by following Eq. 1.

Analysis of the Sample

As-received and reacted (after experiments) were all analysed and examined by
atomic absorption spectroscope (AAS) and scanning electron microscope, respec-
tively. The SEM machine is equipped with energy dispersive X-ray fluorescence
spectroscopy (EDX) which allows both overall and phase quantification of the
sample.

Results and Discussion

Scanning electron microscope image of the as-received sample is shown in Fig. 2.
The phases were examined by analysing the individual particles in the sample. The
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Fig. 2 Scanning electron
microscope image under
backscattered electron
imaging of the as-received
sample. The bright areas are
the Cu–Co bearing particles

main ganguemineralswere enstatite (MgSiO3), pyrope (Mg3Al2(SiO4)3), andhumite
group ((Mg,Fe)7(SiO4)3(F,OH)2). On the other hand, the major Cu–Co–Ni bearing
minerals are malachite, heterogenite, limonite, and complex magnesium aluminium
silicate.

Leaching

The results showing effects of leaching pH and temperature are shown in Table 2
from which the following can be observed:

Table 2 Leach test results showing effect of pH and temperature on % recovery. Samples leached
at 70 °C in (a) and at 25 °C in (b)

pH SMBS (wt%) % Recovery Acid consumption (kg/ton
ore)Cu Co Fe Ni

(a)

pH = 1.4 1.0 81.58 88.57 36.10 70.00 138

pH = 1.6 1.0 74.91 88.57 20.75 58.46 106

pH = 1.8 1.0 70.18 81.90 14.11 58.46 67

pH = 2.0 1.0 74.21 81.90 17.84 61.54 40

(b)

pH = 1.4 1.0 55.92 71.82 1.754 29.23 74

pH = 1.6 1.0 58.78 73.00 0.439 31.54 72

pH = 1.8 1.0 53.06 77.27 4.825 30.77 69

pH = 2.0 1.0 51.84 85.91 0.877 34.62 39



232 Y. R. S. Hara et al.

i. The recoveries of Cu, Co, Fe, and Ni are decreasing with increase in pH for the
sample that was leached out at 70 °C.

ii. The consumption of sulphuric acid was decreasing with increase in pH for the
sample that was leached out at 70 °C.

iii. There was minimal change in the recoveries of Cu and Ni, whereas that of co
increased with increase in pH for the sample that leached out at 25 °C.

iv. The recovery of iron is lower at all pH range for the samples that were leached
out at 25 °C compared to 70 °C.

v. Acid consumption is much higher at pH of 1.4 and 1.6 for the samples that were
leached out 70 °C than at ambient temperature. However, acid consumptions
were similar at pH of 1.8 and 2.0.

From the above observations, it can be concluded that high recoveries can be
achieved when the sample is leached out at high temperature (70 °C). Nonetheless,
pH should be 1.8 and above in order to have less acid consumption. High recoveries
were obtained at high temperature because the complex copper–cobalt–nickel–mag-
nesium–silicate matrix is broken down.

The results showing effect of SMBS addition and quantities is shown in Table 3
from which it can be observed that the recoveries of Cu, Co, and Ni were extremely
poor in the absence of SMBS at both 25 and 70 °C. On the other hand, recoveries of
Cu, Co, and Ni all increased when 0.6 wt% SMBS was added. However, there was
minimal increase in recoveries of Cu, Co, and Ni when SMBS was added beyond
0.6%. Based on the results in Table 3, it can be concluded that the optimum SMBS
addition is 0.6 weight %. By comparison, better recoveries were obtained at 70 °C
than at 25 °C.

Table 3 Leach test results showing the effect of SMBS addition. Samples leached at 70 °C in (a)
and at 25 °C in (b)

pH SMBS wt% % Recovery Acid consumption (kg/ton
ore)Cu Co Fe Ni

(a)

pH = 1.8 0 27.52 16.32 6.93 12.04 36

pH = 1.8 0.6 74.74 80.48 15.77 65.38 84

pH = 1.8 1.0 70.18 81.90 14.11 58.46 67

pH = 1.8 1.5 77.89 87.62 30.29 63.85 69

pH = 1.8 2.0 76.32 86.67 34.44 66.15 74

(b)

pH = 1.8 0 21.83 13.29 0.94 8.34 18

pH = 1.8 0.6 56.33 61.82 1.75 38.46 32

pH = 1.8 1.0 53.06 77.27 4.82 30.77 69

pH = 1.8 1.5 56.33 70.45 4.83 43.08 44

pH = 1.8 2.0 59.18 78.64 7.02 36.92 32



Leaching of Copper, Cobalt, and Nickel from Complex Ore 233

Analysis of the Leach Solution

The contents of the leach solution were determined by analysing the dried solids
whichwere obtained by evaporating leach liquor, and the results are shown in Table 4.
Apart from the usual Cu, Co, Ni, Fe, and Mn, the leach solutions contain Al, Mg,
Si, and Na. The presence of Al, Mg, and Si is due to dissolution of complex nickel
silicate phases. The dissolution of Al, Mg, and Si explains why acid consumption is
extremely high for the material.

Precipitation of Copper, Cobalt, and Nickel with Magnesium
Oxide

The results in Table 3 have shown high recoveries for the sample that was leached
at 70 °C, and hence, precipitation test works were carried out on this material. pH
of the solution was slowly raised to 3.8, 5.5, and 8.5 in order to allow selective
precipitation of iron, copper, and cobalt hydroxide, respectively. The first precipitate
at pH of 3.8 had 30.9 wt% Fe and very less Cu, Co, and Ni as shown in Table 5.
The high selectivity in the precipitation of iron is because Cu, Co, and Ni are highly
soluble at pH of 3.8.

The precipitate at pH of 5.5 only had 10.6 wt% Cu, and this was due to co-
precipitation of aluminiumand silica. In otherwords, precipitated aluminiumhydrox-
ide and silica decreased the grade of Cu in the precipitate. In addition, part of Co
and Ni, co-precipitate such that the precipitate had 2 wt% Co and 1 wt% Ni. As
such, it can be concluded that the co-precipitation of Co, Ni, silica, and aluminium
hydroxide adversely affects the quality of copper precipitate at pH of 5.5.

The pH of the solution was further increased to 8.5, and the final precipitate had
3.42 wt% Co and 2.4 wt% Ni. In fact, the final precipitate demonstrates a possibility
of producing a Co–Ni alloy which has wider applications.

Precipitation of Copper, Cobalt, and Nickel with Sodium
Sulphide

The results showing the precipitation of copper, cobalt, and nickel with sodium
sulphide are presented in Table 6. The first precipitate which was produced with
1.1 times stoichiometric amount for the formation of CuS has 58.13 wt% copper. A
small amount of cobalt, iron, and nickel were also precipitated, and this might be
due to the excess addition of sodium sulphide. In the second experiment (experiment
B), only the stoichiometric amount of sodium sulphide was added and the grade of
copper increased to 63 wt%.



234 Y. R. S. Hara et al.

Ta
bl
e
4

C
he
m
ic
al
an
al
ys
is
in

w
ei
gh

t%
of

th
e
dr
y
so
lid

s
ob

ta
in
ed

by
ev
ap
or
at
in
g
th
e
le
ac
h
liq

uo
r

C
on
di
tio

ns
C
u

C
o

Fe
N
i

M
n

A
l

S
C
a

Si
M
g

N
a

pH
=

1.
4,

25
°C

,1
%

SM
B
S

2.
49

0.
67

1.
14

0.
23

1.
32

1.
95

16
.9

0.
02

1.
85

2.
22

8.
52

pH
=

1.
4,

70
°C

,1
%

SM
B
S

2.
08

0.
39

3.
03

0.
41

0.
96

2.
54

22
.3

0.
03

0.
55

1.
74

2.
80

pH
=

2.
0,

70
°C

,1
.0
%

SM
B
S

3.
85

1.
67

3.
22

0.
69

2.
91

3.
55

16
.9

0.
08

1.
53

1.
92

3.
98

pH
=

2.
0,

70
°C

,1
.5
%

SM
B
S

2.
83

1.
19

3.
53

0.
52

1.
97

3.
24

16
.2

0.
98

1.
72

5.
22



Leaching of Copper, Cobalt, and Nickel from Complex Ore 235

Table 5 Chemical analysis in weight % for the precipitate that was obtained via precipitation with
magnesium oxide

Conditions Cu Co Fe Ni Mn

Precipitated at pH 3.8 0.21 0.13 30.88 0.01 0.02

Precipitated at pH 3.8 then 5.6 10.63 2.08 13.69 1.00 0.29

Precipitated at pH = 3.8, secondly at pH = 5.6, and
finally ay pH = 8.5

0.76 3.42 0.67 2.40 1.93

Table 6 Chemical analysis in weight % for the precipitate that was obtained via precipitation with
sodium sulphide

Addition of Na2S Cu Co Fe Ni Mn

Experiment A

1.1 Times stoichiometric amount of Na2S for
formation of CuS

58.13 1.31 1.41 0.53 0.33

1.2 Times stoichiometric amount of Na2S for
formation of CoS, NiS, and FeS

0.10 9.59 14.91 4.58 0.58

Experiment B

1.1 Stoichiometric amount of Na2S for formation
of CuS

63.01 1.08 0.55 0.55 –

1.2 Stoichiometric amount of Na2S for formation
of CoS, NiS, and FeS

2.78 12.18 5.37 7.42 –

Even though the amount of iron decreased to 0.55 wt%, the first precipitate had
1.01 wt% cobalt. The presence of a smaller amount cobalt and nickel might be
due to localised precipitation. Thermodynamically, nickel, cobalt, and iron can only
precipitate out when all copper is depleted but localised concentration might occur
as the sodium sulphide solution comes in contact with the leach liquor.

The fact that the first precipitates are mainly rich in copper whereas the second
precipitates are rich in cobalt and nickel confirms that there is broad agreement
between the experimental results and thermodynamic prediction.

Conclusions

1. Addition of SMBS is important for dissolution of Cu, Co, and Ni during leaching
as shown in Table 2. However, increasing the quantity of SMBS above 0.6%
weight is not necessary as the recovery does not improve further as shown in
Table 3.

2. There is broad agreement between the experimental results and thermodynamic
prediction. Preferential precipitation of copper sulphide was achieved where a
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solution containing copper, cobalt, nickel, iron, manganese, aluminium, silica,
and magnesium was reacted with sodium sulphide.

3. The material must be leached out at a higher temperature (70 °C) for high recov-
eries for Cu, Co, and Ni. Nonetheless, pH should be 1.8 and above in order to
have less acid consumption.

4. Some cobalt and nickel co-precipitate with copper during precipitation with
magnesium oxide (MgO) at pH of 5.5 (see Table 5).

5. Use of Na2S resulted in selective precipitation of a high-grade Cu2S precipitate
and second precipitate rich in cobalt and nickel sulphides.
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Corrosion Inhibition Effect of Clove
Essential Oil Extract with Basil and Atlas
Cedar Oil on Mild Steel in Dilute Acid
Environment

Roland Tolulope Loto, Tiwa Olukeye and Eugene Okorie

Abstract The corrosion inhibition effect of clove, atlas cedar, and basil essential
oil extracts on mild steel was studied. Clove essential oil was separately admixed
with basil oil extract (CBO) and atlas cedar oil extract (CAO) in 0.5 M H2SO4 and
HCl solutions. Weight loss measurement, potentiodynamic polarization technique,
and optical microscopy were used to evaluate their performance. The two admixed
inhibitor compounds performed effectively at most concentrations with highest inhi-
bition performance of 95.48 and 95.32% in H2SO4 solution. In HCl solution, the
inhibition performance of CBO and CAO inhibitor compounds are 92.7 and 97.98%.
CBO and CAO displayed mixed inhibiting properties with dominant cathodic inhi-
bition effect. Severe surface degradation was visible on the non-inhibited steels in
H2SO4 while extensive localized degradation was visible on the non-inhibited steel
from HCl solution. The presence of CBO and CAO inhibitor significantly improved
the surface of the mild steel.

Keywords Mild steel · Corrosion · Oil · Inhibitor

Introduction

Steel has been the essential base material of construction for industrial parts, compo-
nents, and equipment for over a century. Carbon steel production and application are
the important indicators of the state of the global economy [1]. Steel has universal
application across most industries and engineering applications [2]. This is due to
their good balance of strength and ductility, relatively low cost, ready availability,
ease of fabrication, and recyclability. However, they are vulnerable to corrosion due
to the porosity of the oxide that forms on their surface when exposed to corrosive
agents. Application of essential oil extracts for corrosion inhibition have been very
promising; however, their inhibition performance is heavily concentration dependent

R. T. Loto (B) · T. Olukeye · E. Okorie
Department of Mechanical Engineering, Covenant University, Ota, Ogun State, Nigeria
e-mail: tolu.loto@gmail.com

© The Minerals, Metals & Materials Society 2020
J. Li et al. (eds.), Characterization of Minerals, Metals, and Materials 2020,
The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-36628-5_22

239

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-36628-5_22&domain=pdf
mailto:tolu.loto@gmail.com
https://doi.org/10.1007/978-3-030-36628-5_22


240 R. T. Loto et al.

which can be dangerous when there are fluctuations in the physical state and proper-
ties of the corrosive environment [3–9]. Synergistic combination effects of essential
oil extracts have proven effective at all concentrations studies, giving additional
advantage to the use of these oils for corrosion inhibition [10, 11]. In contribution
to research on naturally occurring compounds for effective corrosion inhibition and
their synergistic combination effect for improved performance, this research focuses
on the synergistic combination effect of clove oil with basil oil, and clove oil with
atlas cedar oil.

Experimental Methods

Materials and Preparation

Cylinders (thickness, 6 mm and diameter, 12 mm) of mild steel (MS) were purchased
from Steel Works Lagos, Nigeria. The steel has nominal weight composition (wt%)
of 0.8% Mn, 0.04% P, 0.05% S, 0.16% C, and 98.95% Fe, and was cut into 28
individual specimens with 6 mm thickness. Clove, atlas cedar, and basil oil extracts
were purchased from NOW Foods, USA. Synergistic inhibition properties of the
oil extracts were studied through admixture of clove oil with basil oil (CBO), and
clove oil with atlas cedar oil (CAO) in 1:1 ratios. Their combined admixtures (CBO)
and (CAO) were prepared in volumetric concentrations of 0.5, 1, 1.5, 2, and 2.5%
in 200 mL of 0.5 M H2SO4 and HCl solution. MS specimens were individually
immersed in 200 mL of 0.5 M H2SO4 and HCl solutions for 504 h and weighed
at every 24 h through weigh loss measurement. Corrosion rate, weight loss, and
inhibition efficiency were determined from the test. Potentiodynamic polarization of
MS was performed at 30 °C ambient temperature. A triple electrode system (Pt rod
counter electrode, Ag/AgCl reference electrode, and cylindrical MS working elec-
trodes) within a glass cell containing 200 mL of acid (H2SO4, HCl)-inhibitor (CBO,
CAO) solution was linked to Digi-Ivy 2311 potentiostat to perform the polarization
test. Polarization plots were obtained at scan rates of 0.0015 V/s at potentials of
−0.75 to +1.5 V. Optical micrographs of MS morphology from control acid solu-
tions were analysed and compared to CBO and CAO inhibited MS morphology with
Omax trinocular metallurgical microscope using ToupCam software.

Results and Discussion

Weight Loss Measurement

Tables 1 and 2 show the weight loss and corrosion rate, and CBO and CAO inhibition
efficiency in H2SO4 andHCl solution at 504 h. The corrosion rate values ofMS at 0%
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CBO and CAO concentration in both acid solutions significantly contrast the values
obtained at higher CBO and CAO concentrations. The observation is due to the
oxidation of MS in the presence of SO4

2− and Cl− anions [8]. The presence of CBO
and CAO oil extracts (corrosion inhibitor) in the acid media significantly changed
the dynamics of the redox electrochemical processes resulting in visible reduction in
MS corrosion rate values. The corrosion inhibition performance of CBO and CAO
above0.5%concentration tends to be independent of concentration inH2SO4 solution
compared to HCl media where slight dependence on concentration was observed.
Comparison of the final inhibition efficiency values in Table 1 shows CBO and CAO
inhibitor performed excellentlywith optimal inhibition values of 95.48%and 95.32%
at 1% CBO and 2.5% CAO in H2SO4 solution, while in HCl solution (Table 2) the
optimal values are 92.7% at 2.5% CBO and 98.35% at 2% CAO.

Potentiodynamic Polarization Studies

Tables 3 and 4 show the data obtained from the polarization test. Similar to the
observation from weight loss, the corrosion rates of the control MS (0% CBO and
CAO inhibitor) significantly differs from the inhibited steel due to suppression of the
corrosion reaction mechanisms. The 0.5% inhibitor concentration of CAO (59.61%)
slightly outperforms CBO at 32.52% inhibition efficiency in H2SO4 solution which
corresponds to corrosion rate values of 6.20 and 3.71 mm/year. Increase in inhibitor
concentration from 1 to 2.5% significantly improved the inhibition performance
of CBO and CAO inhibitor to values above 80% with peak value of 87.16% (2.5%
CBO) and 92.1% (1.5%CAO).Observation of the variation ofMScorrosion potential
with respect to CBO and CAO concentration after 0% concentration shows higher
tendency for cathodic inhibition. However, shift in potential shows CBO and CAO
compound has mixed inhibition properties. The anodic Tafel slope values after 0%
CBOandCAO is due to inhibition of anodic dissolution of the steel resulting in higher
anodic exchange current density. Changes in the Tafel values after 0% inhibitor
concentration also shows surface coverage of MS by both inhibitors suppressed
the electrochemical action of SO4

2− thus hindering them from oxidizing the steel
surface [12]. The extent of MS corrosion damage in HCl solution (0% inhibitor
concentration)was slightly lower at corrosion rate of 5.94mm/year. Addition of CBO
inhibitor to HCl solution from 0.5 to 2.5% CBO concentration results in inhibition
efficiency value generally above 80%. Effective inhibition of MS by CAO occurred
after 0.5% CAO concentration.

Optical Microscopy Analysis

Optical images (mag. ×40 and ×100) of MS before corrosion, after corrosion in
H2SO4 and HCl solution with inhibitor, and after corrosion in both acids at 0.5% and
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2.5%CBOandCAOconcentrations are shown fromFigs. 1, 2, 3, 4, 5, and 6b. Figure 1
shows the images of MS before corrosion test. Figure 2a, b shows the images of MS
after corrosion in H2SO4 and HCl solution without the inhibitors. Figures 3a and 4b
show the images ofMS after corrosion in H2SO4 solution at 0.5% and 2.5%CBO and
CAO concentrations, while Figs. 5a and 6b show the images of MS after corrosion
in HCl solution at 0.5% and 2.5% CBO and CAO concentrations, respectively. The
image of MS after corrosion in H2SO4 and HCl solution without CBO and CAO
inhibitor (Fig. 2a, b) are generally similar. Severe deterioration of the steel surfaces
is clearly visible on both figures; however, the corrosion pits and deep grooves on
Fig. 2b is due to the electrochemical action of Cl− anions whose actions tend to be

Fig. 1 Optical image of MS before corrosion test

Fig. 2 Optical images of MS after corrosion without inhibitor a from H2SO4 and b from HCl
solution
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Fig. 3 Optical images of MS after corrosion in H2SO4 solution with inhibitor a CBO and b CAO
at 0.5% concentration

Fig. 4 Optical images of MS after corrosion in H2SO4 solution with inhibitor a CBO and b CAO
at 2.5% concentration
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Fig. 5 Optical images of MS after corrosion in HCl solution with inhibitor a CBO and b CAO at
0.5% concentration

Fig. 6 Optical images of MS after corrosion in HCl solution with inhibitor a CBO and b CAO at
2.5% concentration
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localized compared to Fig. 2b where the action SO4
2− anions generally deteriorates

the entire steel surface [13, 14]. Visual observation of the images from Figs. 3a and
4b shows marginal improvement in morphology of MS in H2SO4. However, CAO
inhibitor slightly protects MS surface more than CBO at 0.5 and 2.5% concentration
as the extent of deterioration is lower in the presence of CAO. Comparison of Figs. 3
and 4 with Figs. 5 and 6 shows the electrochemical action of CBO and CAO inhibitor
on MS corrosion inhibition differs from their action in H2SO4. The morphology in
Figs. 3 and 4 shows general surface deterioration compared to localized corrosion in
Figs. 5 and 6. CBO seems to outperform CAO in hindering the deterioration of MS
surface. Corrosion pits are visible in Figs. 5b and 6b, though the pits are drastically
reduced in size in Fig. 6b due to higher concentration of CAOmolecules. Comparing
this observation to Figs. 5a and 6a, the extent of deterioration is lower in the presence
of CBO inhibitor.

Conclusion

Admixture of clove essential oil extract with basil oil, and with atlas cedar oil pro-
duced a compound that effectively suppressed the corrosion of mild steel in 0.5 M
H2SO4 and HCl solution. The corrosion inhibition performances of both admixed
compounds were generally above 80% at most inhibitor concentrations in both acids.
The admixed inhibitor compounds demonstrated mixed inhibiting properties with
dominant cathodic influence. Significant morphological improvement of the carbon
steel in the presence of both inhibiting compounds occurred in H2SO4. However,
marginal deterioration of the steel occurred which visibly contrast the corroded steel
without inhibitor in HCl solution.
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Effect of Dual Phase Stabilization
via Varying Ti/Nb Ratios on the Pitting
Behavior of AISI 347 Welds

A. S. Shahi and Dikshant Malhotra

Abstract The aim of the present work was to study the role of Ti additions made to
Nb contained stabilized austenitic stainless steel grade AISI 347welds for improving
their metallurgical stability and pitting corrosion resistance. For achieving this, gas
tungsten arc welding process (GTAW) was used to fabricate multi-pass and multi-
layer weld pads comprising of 28 weld passes; and using AISI 347 (Nb based) and
AISI 321 (Ti based) solid fillers in a systematic combination, so as to obtain differ-
ent weld metals’ surfaces with varying Ti/Nb ratios of 0.45, 0.66, and 1.57. These
surfaces were examined for their pitting behavior using electrochemical method, an
electron probe microanalyzer (EPMA) equipped with a wavelength dispersive X-ray
spectrometer (WDS) for chemical composition analysis, and X-ray photoelectron
spectroscopy (XPS) depth profiling of passive films. Austenitic stainless steel welds
with Ti/Nb ratio of 0.45 exhibited maximum pitting potential of 380.5 mVSCE as
compared to sole Nb weld with 270.7 mVSCE. The atomic concentration profiles of
oxygen across different weld surfaces indicate that estimated passive film thickness
values for sole Nb (347 weld metal) and Nb weld stabilized with Ti/Nb ratio of 0.45
were calculate to be 8.43 nm and 7.11 nm, respectively. Ti addition suppressed the
carbide formation tendencies resulting in higher levels of Ni in the matrix as well
as different dendritic regions of 347 weld metal. Thus, this study establishes that Ti
additions of 0.21 wt% in Nb weld can significantly enhance its pitting resistance.
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Introduction

AISI 347 Nb stabilized austenitic stainless steel (γ-SS) welded structures are widely
used in high temperature applications such as in boilers, nuclear reactors, super-
heaters, heat exchangers, and chemical reactors owing to their greater resistance to
sensitization at elevated temperatures [1, 2]. Nb as a stabilizing addition is a strong
carbide former than Cr and hence used to prohibit sensitization in ASS. Addition
of Nb forms NbC that reduces the grain boundary precipitation of Cr23C6, thereby
restricting the chromium depletion, which ultimately improves the corrosion resis-
tance of the material [3]. Despite having excellent resistance to sensitization, Nb
stabilized weld metals exhibit inferior corrosion resistance than AISI 347 base mate-
rial owing to subsequent heating and cooling thermal cycles during welding, which
can lead to precipitation of chromium carbides. These chromium carbide precipitates
are preferential sites for localized pitting corrosion attack [4], and pitting corrosion
failures of stabilized AISI 347 ASS are also reported [5, 6]. Minor additions of tita-
nium improve the corrosion resistivity of ferritic stainless steels by stabilizing the
passive film [7]. Keeping in mind the literature reviewed so far, it is observed that no
work has been reported on the influence of titanium additions to improve the pitting
corrosion performance of Nb stabilized 347 ASS welds. Therefore, the present work
aims at enhancing the pitting corrosion resistance of AISI 347 welds by improving
metallurgical stability via using varying additions of Ti/Nb to AISI 347 welds.

Experimental Details

ASME section IX weld overlaying procedure was adopted for fabricating weld pad
over AISI 347 substrate using gas tungsten arc welding process and fillers combi-
nation of ER 347 (Nb based) and ER 321 (Ti based). A multi-pass and multi-layer
weld pad comprising of four overlays and seven passes in each overlay was speci-
fied to accomplish the objectives of the present work. Table 1 shows the chemical
compositions of the substrate and the filler used. These filler wires’ compositions
were selected as per AWS 5.9 standard [8] and chemically compatible with AISI
347 substrate. The schematic view of a fabricated weld pad is presented in Fig. 1. In

Table 1 Chemical composition of base and filler material used (wt%)

Material Code Alloy element

C Si Mn P S Ni Cr Mo Nb Ti Fe

Base AISI
347

0.058 0.52 1.78 0.02 0.02 10.65 17.36 0.37 0.55 − Bal

Filler ER
347

0.055 0.43 1.62 0.01 0.03 9.86 19.52 0.08 0.60 − Bal

ER
321

0.038 0.48 1.60 0.01 0.009 9.78 19.55 0.39 − 0.44 Bal



Effect of Dual Phase Stabilization via Varying Ti/Nb Ratios … 253

Fig. 1 Schematic view of weld multi-pass and multi-layer overlaying using different fillers
combination

addition to following precautions of inter-pass cleaning, an inter-pass temperature
of 150–175 °C was maintained after each pass so as to reduce the thermal cycling
effects produced by the subsequent passes. Average heat input for second, third, and
fourth weld overlays was lower as compared to the first overlay in the weld pad to
minimize the thermal effects. Weld surfaces from each overlay were extracted using
wire cut electrode discharge machining processes for obtaining different weld com-
positions. These weld surfaces were represented by specimens’ notations as WC1
(X1-X1), WC2 (X2-X2), WC3 (X3-X3), and WC4 (X4-X4) as shown in Fig. 1.

Further, the chemical composition of the extracted weld surfaces as mentioned
above was examined using OES (optical emission spectrometer). As per ASTM stan-
dard G-5 [9], potentiodynamic anodic polarization (PAP) technique was used for
evaluation of breakdown pitting potentials for different weld surfaces using poten-
tiostat (Make:Gamry,Model: Reference 600) supportedwithGamry framework soft-
ware. The breakdown pitting potential indicates the pitting corrosion susceptibility
of materials where stable pitting initiates. Several authors have stated the impor-
tance of pitting potential evaluation to determine the pitting corrosion resistance of
different materials [10–12]. The weld sample was used as the working electrode, a
graphite electrode as the counter electrode, and saturated calomel electrode (SCE) as
the reference electrode in the paracell. The sample surfaces were polished through
3000 grit size, and 6 mm diameter of surface area (0.2826 mm2) was exposed to
acidic chloride electrolytic solution of [0.5 M H2SO4 (sulfuric acid) + 0.5 M NaCl
(sodium chloride)]. The scan rate used for polarization in the positive direction was
1.67 mV/s, up to a potential of 1500 mVSCE.

Point chemical compositions at different locations in the weld metal matrix were
analyzed using electron probe microanalyzer (EPMA) equipped with WDS (wave-
length X-ray spectrometer) system. The probe current and accelerating voltage used
in EPMAanalysiswere 5.008× 10−8 A and 25 kV, respectively. In order to determine
the depth concentration of O and Cr in the passive film of weld surfaces, primary
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XPS regions of O1s and Cr2p3 were scanned to obtain the depth profiles using
monochromatic Al-kα X-ray source (hυ = 1486.6 eV). The sputtering of Ar+ ions
was performed to determine the passive film thickness over weld surfaces by tak-
ing Ta2O5 as the reference standard [13]. All the samples were potentiodynamically
polarized up to ending potentials within the passive potential range where growth of
passive film occurred. After the polarization, samples were cleaned and dried before
carrying out XPS analysis.

Results and Discussion

Chemical Composition and Pitting Potential Evaluation
of Welds

Table 2 shows chemical compositions with varying Ti/Nb ratios for different welds.
The highest and lowest Ti/Nb ratios were noticed in the weld surfaces extracted
from overlay ‘2’ and ‘3,’ respectively. The Ti/Nb ratio of different weld surfaces
was observed to be 0.45, 0.66, and 1.57. The weld surface taken from weld overlay 1
contained solely Nb andwas used as the reference surface against which comparative
studies were performed. Further, evaluation of the breakdown pitting potential (Epit)
of these varying composition weld surfaces possessing different weld compositions
indicate significant variation in Epit with composition. Figure 2a, b shows poten-
tiodynamic anodic polarization (PAP) plots and pitting potential values for weld
surfaces with different weld compositions. Among all the welds, WC3 weld (Ti/Nb
= 0.45) exhibited maximum pitting potential (Epit = 380.5 mVSCE) followed by
sole Nb containing WC1 weld (Epit = 270.7 mVSCE). It was also observed that as
Ti/Nb ratio of welds increased, pitting potential values decreased indicating early
breakdown of passive film and thus resulting in subsequent pitting initiation and
propagation. The lowest pitting potential value was noticed for weld WC2 (Epit =
128.5 mVSCE) with Ti/Nb ratio of 1.57 while WC4 weld (Ti/Nb ratio = 0.66) pos-
sessed pitting potential (Epit= 246.5 mVSCE) which was close to sole Nb contained
WC1 weld. Therefore, pitting potential evaluation of different weld surfaces indi-
cated that higher titanium contents in Nb stabilized ASS welds were detrimental
for their pitting corrosion resistance. An earlier study reported that higher titanium
contents in commercial stainless steels form titanium rich inclusions which acted as
preferential sites for pitting attack [14].

EPMA Point Chemical Composition Analysis of Welds

Figure 3a, b showspoints across different locations (viz.matrix anddifferent dendritic
regions) for WC1 (Nb) and WC3 (Ti/Nb = 0.29) welds in the as welded condition
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Fig. 2 a Potentiodynamic anodic polarization (PAP) plots for weld surfaces with different weld
composition; and b pitting potential values for welds

Fig. 3 EPMA-WDS point
compositional analysis for
welds at different locations:
a WC1 (Nb); and bWC3
(Ti/Nb = 0.45)

(a)

WC1 (Nb)

(b)

WC3 (Ti/Nb = 0.45)
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Table 3 WDS results of WC1 (Nb)

WDS Cr Fe Ni Mo C Nb

1 (MX) 19.79 68.83 9.18 0.39 0.52 0.47

2 (MX) 19.82 68.66 9.23 0.42 0.49 0.52

3 (DT1) 21.53 68.19 7.25 0.51 0.92 0.72

4 (DT2) 21.68 68.04 7.75 0.48 0.85 0.81

5 (DT3) 22.73 67.83 6.59 0.53 0.88 0.85

6 (DT4) 23.38 67.69 6.28 0.55 1.10 0.88

MX Matrix region, DT dendritic region

Table 4 WDS results of WC3 (Ti/Nb = 0.45)

WDS Cr Fe Ni Mo C Nb Ti

1 (MX) 19.92 68.97 9.62 0.39 0.33 0.45 0.21

2 (MX) 19.56 69.12 9.42 0.33 0.41 0.51 0.19

3 (DT1) 20.53 68.33 8.34 0.48 0.53 0.63 0.33

4 (DT2) 20.44 68.16 8.19 0.51 0.59 0.67 0.35

5 (DT3) 21.72 68.14 7.22 0.54 0.62 0.71 0.42

6 (DT4) 21.98 68.09 7.14 0.53 0.69 0.75 0.44

MX Matrix region, DT dendritic region

where chemical composition of desired elements was evaluated using EPMA-WDS
technique.

Tables 3 and 4 show WDS point elemental compositions (mass %) at the matrix
(MX1 and MX2) and dendritic regions (DT1, DT2, DT3, and DT4) of welds. In
WC1 (Nb) weld, significant rise in Cr, C, and Mo contents was observed at the
dendrites that indicated higher rate of depletion of these contents at γ/δ interfacial
regions. An appreciable loss of Ni was observed at the dendritic regions of sole Nb
containing welds. In contrast to a matrix free from heterogeneity, a drastic decrease
in Ni content to almost 30% (6.28% at DT4 as listed in Table 3) of its corresponding
matrix value was noticed at the dendritic regions. This severe degree of precipitation
at the dendritic regions indicates significant chemical heterogeneity in these welds.
On the contrary, rise in Cr, Mo, and C was less in WC3 weld as compared to WC1.
Moreover, higher Ni content was observed at the dendritic regions in WC3 weld,
thereby indicating lesser degree of chemical heterogeneity as compared to WC1
weld.
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Fig. 4 PAP plots for sole Nb and Nb weld stabilized with Ti/Nb ratio of 0.45 in the as welded
condition

Pitting Corrosion and XPS Studies of Welds

The PAP plots as shown in Fig. 4 depicts pitting potential, corrosion potential and
passive current density values for WC1 (Nb) and WC3 (Ti/Nb = 0.45) welds in
the as welded condition. Higher corrosion and pitting potential values besides lower
passive current density were noticed for WC3 weld as compared to WC1. This
indicates more stable passive film formation in case of weld with Ti/Nb ratio of 0.45.
Higher pittingpotential values as discussedpreviously exhibited amore stable passive
film which enhances the pitting corrosion resistance of the material. Moreover, it is
already reported that higher corrosion potential and lower passive current density
values indicate increased thermodynamic stability of the metal/solution interface
and lower dissolution of the passive film, respectively [15]. Further, O and Cr depth
concentration profiles for passive film of WC1 (Nb) and WC3 (Ti/Nb= 0.45) welds
showed considerable variation in O and Cr content in the passive film of these welds
as shown in Fig. 5a, b. As the analysis depth increases, the O content gradually
decreases as it approaches the film/matrix interface whereas Cr content increases. In
WC3 weld, higher O concentration was noticed at the surface (0 nm) as compared to
WC1 weld besides possessing higher Cr concentration (Fig. 5b). Moreover, passive
film thickness values for welds could be estimated from the oxygen profile (Fig. 5a)
by taking 50% value of the maximum oxygen concentration [16]. The passive film
thickness values for WC1 and WC3 welds were estimated to be 8.43 and 7.11 nm,
respectively, which show thinner passive film formation in (Nb+ Ti) stabilizedWC3
weld. With chromium enriched surface as observed in WC3 weld, the oxygen may
react more readily with chromium which consequently forms a denser passive film
which retards the inward diffusion of oxygen, resulting in decreasing film thickness
and enhanced corrosion resistance [17].
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Fig. 5 XPSdepth concentration profiles of desired elements in the passivated layers ofweld surfaces
with different weld compositions: a O; and b Cr

Conclusions

1. Nb weld stabilized with Ti/Nb ratio of 0.45 exhibited maximum pitting potential.
However, as Ti/Nb ratio increases to 1.57, pitting potential value decreased and
was lower than the solely Nb containing weld.

2. Lesser carbides formation tendencies and relatively higher nickel retention char-
acteristics were observed in the weld metal matrix of weld with Ti/Nb ratio of
0.45, whereas significant nickel loss was observed in the dendritic regions of Nb
contained weld which consequently improved the pitting performance of dual
stabilized weld.

3. Inter-dendritic regions exhibited a relatively higher degree of chemical hetero-
geneity than theweldmatrix indicating they are potential regions for precipitation
and thus sites for pitting corrosion attack.

4. Higher O and Cr content in the passive film of dual stabilized weld resulted in
thinner and densely packed passive film in the (Nb + Ti) stabilized weld with
Ti/Nb ratio of 0.45 which improved the pitting corrosion resistance of AISI 347
weld metal significantly.

5. Generally, Ti additions within certain range can stabilize AISI 347 weld metal by
improved pitting resistance. Hence, the concept of dual phase stabilization (Nb+
Ti) can be beneficially used in exploiting the engineering potential of austenitic
stainless steels welded structures used for extremely harsh corrosion conditions.
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Corrosion Resistance
of GX4CrNiMo16-5-1 Martensitic, 316L
Austenitic, and 904L Austenitic Stainless
Steels Subjected to High Temperature
Variation

Roland Tolulope Loto, Cleophas Akintoye Loto and Muyiwa Fajobi

Abstract Study of the effect of high temperature at 1000 °C on the corrosion
resistance of GX4CrNiMo16-5-1 martensitic, 316L austenitic, and 904L austenitic
stainless steels in 2 M H2SO4/3.5% NaCl solution was done through potentiody-
namic polarization technique, potentiostatic method, and optical microscopy anal-
ysis. Untreated GX4CrNiMo16-5-1 steel displayed the highest corrosion rate of
4.775 mm/year while untreated 904L steel showed the lowest corrosion rate of
1.043 mm/year. Alteration of the microstructural properties of the steels due to
high temperature exposure significantly decreased the corrosion rates of the stainless
steels to 2.167, 1.396, and 0.519 mm/year. 904L steel exhibited the least significant
metastable pitting activity among the untreated steels due to higher resistance to tran-
sient pit formation. Heat treated GX4CrNiMo16-5-1 steel lost its ability to passivate
after anodic polarization. The heat treated steels were more resistant to pitting cor-
rosion from observation of pitting potential values. The optical image of untreated
and heat treated EN-1.4404 and EN-1.4539 steels was generally similar while the
images for EN-1.4405 significantly contrast each other.

Keywords Corrosion · Pitting · Steel · Chloride · Passivation

Introduction

Stainless steels are universally applied worldwide due to their superior physical,
mechanical, and corrosion resistance when compared to low alloys and carbon steels
[1]. Corrosion resistance of stainless steels strongly influences their chemical proper-
ties in industrial conditions and consequentially impacts their lifespan during applica-
tion [2–4]. Alteration of themicrostructural configuration andmetallurgical structure
of stainless steels by heat treatment can either enhance or weaken their resistance
to corrosion [5, 6]. Application of stainless steels in high temperature conditions
such as in energy conversion plants, chemical and petrochemical industry, steam
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boilers, and heat exchangers has become more prevalent due to the weak corrosion
resistance of carbon and low-alloyed steels [7]. Lu et al. [8] studied the effect of
heat treatment on the microstructural properties of plastic mold steel in chloride
solution and determined the corrosion resistance of the steels increased with austen-
itizing temperature but decreased after tempering. Choi et al. [9] studied the effect
of austenitizing temperature on the electrochemical performance 0.3C–14Cr–3Mo
stainless steel in neutral chloride solutions and observed that increase in austenitizing
temperature caused a proportionate increase in pitting corrosion of the steel due to
the precipitation of carbides within the steel matrix. This article focuses on the effect
of high temperature variation between 1000 and 37 °C on the corrosion resistance
behaviour of GX4CrNiMo16-5-1 martensitic, 316L austenitic, and 904L austenitic
stainless steels in 2 M H2SO4/3.5% NaCl solution.

Experimental Methods

Untreated GX4CrNiMo16-5-1 martensitic, 316L austenitic, and 904L austenitic
stainless steels specimens (UN-GX4, UN-316 and UN-904) and their heat treated
counterparts (HT-GX4, HT-316, and HT-904) were machined and subsequently
embedded in resin mounts with exposed surface areas of 1 cm2 and metallograph-
ically prepared with silicon carbide papers. 800 mL of 0.05 M H2SO4 solution at
3.5% NaCl concentration were prepared from standard grade reagent of the acid
(98% purity) and NaCl (recrystallized). The stainless steels for heat treatment were
subjected to repetitive heat treatment process in a muffle furnace at 1000 °C, sus-
tained at the temperature for about 30min, and naturally cooled to room temperature.
The temperature was maintained with a regulator at an accuracy±10 °C linked with
a thermocouple (K-Type) to achieve the required temperature. Electrochemical test
of the stainless steels was performed with Digi-Ivy potentiostat which consists of
triple electrode configuration (embedded stainless steel electrode), Ag/AgCl refer-
ence electrode, and platinum wire counter electrode. Polarization curves were plot-
ted at scan rate of 0.0015 V/s from −1.5 to +1.5 V. Morphological characterization
of the untreated and heat treated stainless steel specimens was done before and
after corrosion test with Omax trinocular metallurgical microscope for comparative
analysis.

Results and Discussion

Potentiodynamic Polarization Studies

Table 1 shows the data obtained from the polarization test. Among the untreated steels
UN-GX4 displayed the highest corrosion rate value at 4.775 mm/year correspond-
ing to corrosion current density of 4.44 × 10−4 A/cm2 and polarization resistance
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of 57.82 �. The corrosion rate of UN-904L was the lowest at 1.043 mm/year due
to higher corrosion resistance compared to the other steels. The value and trend in
corrosion potential values of the steels studied show anodic tendency associated with
vulnerability to surface oxidation. These values align with the corrosion rate results
obtained. Heat treatment significantly enhanced the corrosion resistance of the steels
studied. The corrosion rate of HT-GX4, HT-316L, and HT-904L steels reduced by
54.61, 27.83, and 50.28% to 2.167 mm/year, 1.396 mm/year, and 0.519 mm/year.
Changes in the microstructure and metallurgical properties of UN-GX4 (HT-1.4404)
occurred due to heat treatment. The changes suppressed the H2 evolution and O2

reduction reactions on the steel surface. The corrosion potential of the heat treated
steels (HT-GX4, HT-316L, and HT-904L) shifted to −0.362 V, −0.269 V, and −
0.235 V. HT-GX4 and HT-904L exhibited cathodic shift due to reasons earlier stated
while HT-316L shifted in the anodic direction due to decrease in the dominant
oxidation reactions on its surface.

Passivation and Pitting Resistance Studies

Table 2 shows the potentiostatic data (metastable pitting, stable pitting, and passi-
vation range) for the localized corrosion resistance of the untreated and heat treated
steels studied in 2 M H2SO4/3.5% NaCl solution. UN-904L exhibited the shortest
metastable pitting activity among the untreated steels following anodic polarization
due to higher resistance of the steel to transient pit formation. Metastable pits ini-
tiated at −0.156 V (7.95 × 10−3 A) and ceased at 0.035 V (1.03 × 10−5 A). The

Table 2 Potentiostic data for the corrosion resistance of untreated and heat treatedGX4CrNiMo16-
5-1 martensitic, 316L austenitic, and 904L austenitic stainless steels in 2 M H2SO4/3.5% NaCl
solution

Untreated Steel

Steel Metastable
pitting
potential
(V)

Metastable
pitting
current
(A)

Passivation
potential
(V)

Passivation
current (A)

Pitting
potential
(V)

Pitting
current
(A)

Passivation
range (V)

UN-GX4 −0.156 7.95E−03 0.035 1.03E−05 1.014 1.40E−04 0.979

UN-316L −0.177 5.05E−03 0.010 2.90E−05 1.001 8.05E−05 0.991

UN-904L −0.157 8.45E−04 0.030 9.49E−06 1.011 1.33E−04 0.981

Heat treated steel

Steel Metastable
pitting
potential
(V)

Passivation
potential
(V)

Passivation
current (A)

Pitting
potential
(V)

Pitting
current
(A)

Passivation
range (V)

HT-GX4 − − − − − − −
HT-316L −0.179 3.80E−03 −0.115 1.43E−02 1.014 4.77E−04 1.129

HT-904L −0.159 6.90E−04 −0.093 2.40E−04 1.008 1.42E−04 1.101
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metastable activity of UN-GX4 was the widest due to relatively weak resistance to
transient pit formation. The activity extended from 7.95 × 10−3 to 1.03 × 10−5 A.
HT-GX4 was unable to passivate after anodic polarization as a result the changes
in the microstructural configuration of the steel. The metastable pitting activity of
HT-316L andHT-904L initiated at−0.179V and−0.159V and stopped at−0.115V
and −0.093 V due to passivation as earlier mentioned. The pitting potential of the
untreated steels is closely similar at 1.014, 1.001, and 1.011V. Observation of the pit-
ting current value shows UN-316L and UN-904L steels are more resistance to stable
pit formation due to the higher pitting current values. The pitting current of the heat
treated steels is generally higher than the untreated steels signifying increased pit-
ting resistance. Comparison of the passivation range of the untreated and heat treated
steels shows heat treatment extended the passivation range value of UN-1.4404 and
UN-1.4539 steels at 0.991 V and 0.981 V to 1.129 V and 1.101 V (HT-316L and
HT-904L).

Optical Microscopy Studies

Optical images of untreated and heat treated GX4CrNiMo16-5-1 martensitic, 316L
austenitic, and 904L austenitic stainless before corrosion and after corrosion are
shown from Figs. 1a, 2, and 3c. Figure 1a–c shows the optical images of UN-GX4,
UN-316L, and 904L stainless steels before corrosion. Figure 2a–c shows the optical
images of UN-GX4, UN-316L, and UN-904L stainless steels after corrosion while
Fig. 3a–c shows the optical images of HT-GX4, HT-316L, and HT-904L stainless
steels after corrosion. The optical image of UN-GX4 after corrosion (Fig. 2a) sig-
nificantly differs from its un-corroded counterpart (Fig. 1a). Deep contoured grain
boundaries are clearly visible in Fig. 1a with a minor pitted surface. The morphol-
ogy of UN-316L (Fig. 2b) is less corroded with larger grain sizes and thinner grain

Fig. 1 Morphology of a UN-GX4, b UN-316L, and c UN-904L stainless steels before corrosion
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Fig. 2 Morphology of aUN-GX4,bUN-316L, and cUN-904L after corrosion in 2MH2SO4/3.5%
NaCl solution

Fig. 3 Morphology of a HT-GX4, bHT-316L, and c HT-904L after corrosion in 2MH2SO4/3.5%
NaCl solution

boundary. This observation is due to itsmicrostructural constituentwhich differs from
UN-GX4 steel. Themorphologies in Fig. 2a–c shows the steels are resistant to pitting
corrosion, but somewhat more vulnerable to intergranular corrosion with UN-GX4
(Fig. 2a). Heat treatment had no significant effect on themorphological configuration
of HT-316L and HT-904L stainless steels (Fig. 3a, b). However, the morphology of
HT-GX4 was significantly influenced by changes in its microstructure, resulting in
badly corroded morphology and corrosion pits.
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Conclusion

High temperature variation on GX4CrNiMo16-5-1 martensitic, 316L austenitic, and
904L austenitic stainless steels significantly improved their general and localized cor-
rosion resistance in dilute chloride/sulphate solution. The pitting current of the heat
treated steels was generally higher than the untreated steels signifying increased pit-
ting resistance. The passive film characteristics of 316L and 904L austenitic stainless
steels were more resistant to corrosion after heat treatment compared to the untreated
steels. Untreated and heat treated GX4CrNiMo16-5-1 steel displayed the lowest cor-
rosion resistance compared to 904L austenitic steel which showed the highest resis-
tance. The effect of heat treatment on the morphology on 316L and 904L austenitic
stainless steels was insignificant compared to themorphology ofGX4CrNiMo16-5-1
which was significantly altered and corroded after heat treatment.
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Influence on the Structural and Magnetic
Properties of the Pre-alloyed
Gas-Atomized Maraging Steel Powder
During Mechanical Milling

G. V. Thotakura, R. Goswami and T. V. Jayaraman

Abstract We investigated the influence on the structural and magnetic properties
of gas-atomized maraging steel powder during mechanical milling. The as-received
powder comprised, primarily, martensite phase (α) and traces of retained austen-
ite (γ ); the saturation magnetization (MS) and intrinsic coercivity (HCI), at 300 K,
were ~176 Am2/kg and ~3 kA/m, respectively. Powders milled from 3 to 8 h com-
prised nanocrystalline α; the MS and HCI ranged from ~164 to 169 Am2/kg and
~4.9 to 6.7 kA/m, respectively. Milling above 8 h formed austenite and extraneous
intermetallic phases, reduced MS, and increased HCI. The MS increased with the
decrease in the temperature from 300 to 60 K, for both the as-received and milled
powders. The thermomagnetic behavior of the as-received and the milled powders
from 300 to 900 K was fairly reversible. The magnetic properties of as-received and
powder milled for 5 h were comparatively better than the powder milled for 56 h.

Keywords Maraging steel powders ·Mechanical milling · Nanocrystalline ·
Magnetic properties

Introduction and Background

Maraging steels are a class of high-strength steels known for low carbon content
(~0.01 wt%) and weighty alloying additions Ni, Co, and Mo [1]. The strengthening
effect is because of the intermetallic precipitate during the aging process [1–6]. The
term “maraging” is the combination of “mar” (from martensite) and “aging” (from
age hardening). There are several grades of maraging steels, which are 18 Ni (200),
18 Ni (250), 18 Ni (300), and 18 Ni (350) that typically constitute ~18 wt% Ni and
varying wt% of Co, Mo, and Ti and have yield strength 200 ksi, 250 ksi, 300 ksi, and
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350 ksi, respectively. The hardening in maraging steels is due to the formation of
precipitates of the intermetallic compounds between Ni and Mo, Ni and Ti or among
other alloying elements. The age hardening improves the properties, characterized
by high tensile strength combined with high toughness, good weldability, and decent
corrosion resistance compared to conventional high-strength steels [1–8].

Several research investigations have been carried out on the effects on the proper-
ties of maraging steels due to various synthesis techniques and processing variables
such as aging duration, aging temperatures, changes in the composition, and so forth
[1–16]. These steels find a wide range of applications in aerospace, hydrospace,
tooling, and the rest [1–11]. The maraging steels in the bulk form are known to
exhibit decent magnetic properties [12–16], while in the powder form their magnetic
properties have not yet been characterized. The grain size and the phase distribution
significantly affect the magnetic properties in materials [17]. Mechanical milling is
known to reduce particle size, grain size, and induce phase transformations [18].
Hence, it is essential to investigate the phase evolution and associated changes in the
magnetic properties during mechanical milling.

We investigated the influence on the structural and magnetic properties of the pre-
alloyed gas-atomized maraging steel powder during mechanical milling at ambient
and pressure. Magnetic characterization of the pre-alloyed gas-atomized maraging
steel powder and the milled powders was performed at sub-ambient temperatures, as
low as ~60 K. The thermomagnetic behavior of the powders was also investigated.

Materials and Methods

Material Synthesis

Pre-alloyedmaraging steel powder, produced by inert gas atomization technique,was
procured from an original manufacturer (EOSNorth America Inc.). The composition
of the procured pre-alloyed gas-atomized maraging steel (as-received) powder was
18.5 wt% Ni, 8.7 wt% Co, 4.9 wt% Mo, 0.7 wt% Ti, 0.1 wt% Al, 0.1 wt% Cr,
0.07 wt% Mn, 0.03 wt% Cu, 0.02 wt% Si, 0.01 wt% C. 0.01 wt% S, <0.01 wt% P,
balance Fe [19]. The composition is atypical to 18 wt% Ni (300) maraging steel [4,
5]. For milling, a high energy ball mill (SPEX SamplePrep 8000D mill) was used.
Hardened steel vial and hardened steel balls (SPEX 8001) were the milling media.
The ball-to-powder ratio adopted during the milling was 8:1. Stearic acid was the
process control agent (PCA) during the milling process to avert any cold welding
between the balls andwith the vial walls. All thematerial handling—loading, sealing,
and unloading of the powder particles, along with the balls and PCA, into the vial,
were performed at ambient temperature and pressure conditions. Mechanical milling
was performed as a cycle of 3 h of milling. A small amount of sample was removed
from the vial at certain hours of milling and stored in glass vials as a representative
of the hours of milling. Intermittent stoppages for ~½ h (cooldown period) were
provided to rest the mill motor to prevent damage due to excessive heating.
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Characterization

For structural characterization, the powders were analyzed in a Rigaku MiniFlex
600 diffractometer and JOEL IT500 Scanning electron microscope. The phase iden-
tification and the phase evolution in the powders were identified from the X-ray
diffraction (XRD) patterns recorded. The source of X-ray was Cu Kα radiation (with
wavelengths of Kα1 ~0.15406 nm and Kα2 ~0.15444 nm) at a voltage and current of
40 kV and 15 mA, respectively. The (θ − 2θ ) scans were recorded between the 2θ
angles 20°–100° with a step size of 0.02°. Structural characteristics such as lattice
parameter and grain size/lattice strain of the powders were estimated from XRD
patterns by using Bragg’s equation and Williamson–Hall method, respectively [18].
The morphology of the powders and the powder particle size was evaluated from
the SEM micrographs in an image processing software ImageJ 1.8. The statistical
analysis of the particle size distribution is performed using a commercially available
statistical analysis software MINITAB®. Magnetic characterization was performed
in a vibrating sample magnetometer (VSM) Quantum Design VersaLab 3-T Vibrat-
ing SampleMagnetometer. Themagnetic properties—saturationmagnetization (MS)
and intrinsic coercivity (HCI) of the powders—were approximated from the magne-
tization (M) versus applied magnetic field (H) curves (hysteresis loops) at ambient
temperature (300 K), at sub-ambient temperatures (as low as ~60 K). Thermomag-
netic curves, magnetization (M) versus temperature (T ), from ~300 to 900 K were
generated to understand the nature of the milled powders, reversible, irreversible, or
possible occurrence of phase changes upon exposure to elevated temperature.

Results and Discussions

Structure and Magnetic Properties at Ambient Temperature

Figure 1a shows the X-ray diffraction (XRD) patterns at the ambient temperature
of the as-received powders (AR) and milled powders (milled for 3, 5, 8, 14, 20, 23,
35, 47, and 56 h). The evolution and the presence of different phases during milling
show three different regions. Region 1 corresponds to the as-received powder, which
consists of predominantly martensite (α) phase and traces of retained austenite (γ )
phase. Region 2 corresponds to milling the as-received powder up to 8 h and shows
the presence of predominantly the α phase having broadened peaks indicating the
probable presence of nanocrystalline grains, or lattice strain, or both. With continued
milling, 14 h and beyond (Region 3), the peak broadening further increased coupled
with the evolution of some extraneous phases (probably the precipitates of Ni3(Mo,
Ti) and Fe2Mo), present along with α and γ phase.

Figure 1b, c presents the estimated lattice parameter and lattice strain/average
grain size, respectively, of the α phase in the as-received and milled (3, 5, and 8 h)
powders. In the powders milled for more than 8 h, it was arduous to deconvolute
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Fig. 1 a X-ray diffraction spectra of the milled powders (3, 5, 8, 14, 20, 23, 35, 47, and 56 h)
and the as-received (AR) powder. The b lattice parameter and c lattice strain and grain size of the
as-received and milled (3, 5, and 8 h) powders estimated from their respective XRD spectra, at
ambient temperature

the high-intensity peaks (broadened) of the α phase that overlapped with the high-
intensity peaks of the precipitates (extraneous phases). Hence, the grain size, lattice
parameter, and the lattice strain of the milled powders in Region 3 are not reported
in this investigation. The lattice parameter of the α phase in as-received powder was
estimated to be ~0.2881± 0.0004 nm which is close to the lattice parameter of the α

phase in maraging 300 steel (~0.2886 nm) [10]. The lattice parameter of the α phase
in milled (3, 5, and 8 h) powders decreased compared to the as-received powder and
maintainedquite a constant value of ~0.2873±0.0004nm.This decrease in themilled
powders is due to the high energy ball milling of that led to the combined effect of the
presence of nanocrystalline grains and lattice distortion (due to lattice strain). While
the grain size and lattice strain of the as-received powder and the milled powders
were estimated to be ~513 nm and 0.89% (AR), ~48 nm and 1.49% (3 h), ~17 nm and
1.73% (5 h), ~21 nm and 1.96% (8 h), respectively. Lattice strain increased and the
grain size reduced with the increase in milling time due to the repeated fracturing and
cold welding of the powders during the milling. Thus, the maraging steel milled for
3, 5, and 8 h (Region 2) is in the nanocrystalline regime. The grain size and lattice
strain reported in this investigation are preliminary results, and further analysis,
including transmission electron microscopy, is currently underway. The presence
of nanocrystalline grains facilitates diffusion paths for phase transformation; hence,
milling above 8 h resulted in phase changes leading to extraneous phases.
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Fig. 2 Scanning electron micrographs of the a as-received powder (0 h) and milled powders b 5 h,
and c 56 h, at ~750 X as a representative for each of the regions (1, 2, and 3); d D10, D50, and D90
of the as-received and the milled powders

Figure 2a–c shows the scanning electron micrographs of the as-received powder,
powders milled for 5 and 56 h, as a representative of the three regions (1, 2, and
3). The morphology of the as-received powder was predominantly spherical, having
minuscule levels of deformed particles. The milled powders were irregularly shaped,
and the size distribution of the powders particles was somewhat inhomogeneous,
consisting of predominantly finer particles coupled with a fair number of coarser
particles probably due to the agglomeration of the particles due to excessive cold
welding. The powder particle size characteristics D10 (the particle size equals to or
less than 10% of the powder particles by population),D50, andD90 of the as-received
and milled powders were estimated from the SEM images, shown in Fig. 2d. The
D90 of the as-received powder was ~21 µm. Powder particle size reduced with the
milling duration in the Region 2. The D90 of the nanocrystalline maraging steel
powders (in Region 2), milled for 3 h, 5 h, and 8 h is ~8.5 µm, ~8.9 µm, and
~5.7 µm, respectively. Subsequently, in Region 3, the particle size increased with an
increase in milling duration. The increase in the particle size is most likely due to
the increase in cold welding which results in the agglomeration of the powder and
forming coarser particles.

Figure 3 presents the magnetization (M) versus the applied magnetic field (H)
curves of the as-received and milled powders at ambient temperature. The saturation
magnetization (MS) decreased with the increase in milling duration. The MS of the
as-received powder is estimated as 176 ± 2 Am2/kg. TheMS of maraging 300 steel
sheet specimen at ambient temperaturewas reported ~188Am2/kg [16]. The decrease
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Fig. 3 aMagnetization (M) versus applied magnetic field (H) curves; inset shows theM–H curves
at low magnetic field region (±10 kA/m), and the variation of b saturation magnetization (MS) and
intrinsic coercivity (HCI) of the as-received and milled maraging steel powders

in MS, by ~6%, is probably due to the increased surface area in powders, which
results in a relatively higher degree of magnetic disorder in powders. TheMS of the
milled powders for a duration of 3 h, 5 h, and 8 h decreased to 169.3 ± 1.8 Am2/kg,
165.5 ± 1.5 Am2/kg, and 164.7 ± 3.1 Am2/kg, respectively. The decrease in MS

in the milled powders till 8 h could be due to the combined effect of reduced grain
size and particle size when compared with the as-received powder. The increase
in the grain boundary area and surface area typically results in a higher degree of
magnetic disorder in the grain boundary region and particle surface compared to
the grain interior and particle core, respectively [17]. The observed trend of MS

with milling time is shown in Fig. 3b. The MS of maraging steel in sheet form [16]
is included in the figure (dashed line) to compare with the MS of as-received and
milled maraging steel powders, in the present investigation. With further milling,
the MS decreased at a steeper rate which is accommodated just not only due to the
reduction in the grain size and the particle size but also the combined effect of the
presence of extraneous phases-austenite and probably the precipitates of Ni3(Mo, Ti)
and Fe2Mo [12–16]. Formation of austenite associated with the precipitates started
to occur after aging at high temperatures and which resulted in a decrease in the
MS [16]. The increase in the content of precipitates and the austenite in the milled
powders reduce the M [13]; thus, MS decreased. Intrinsic coercivity (HCI) changed
irregularlywith an increase in the duration ofmilling following a similar trend, shown
in Fig. 3b. HCI of the as-received powder was estimated to be ~3.0± 0.1 kA/m. The
HCI of the milled powders fluctuated between ~4.7 ± 0.1 and 8.4 ± 0.1 kA/m. The
fluctuation of HCI in the milled powders is probably due to the influence of a myriad
of factors. The HCI is a structure-sensitive property, and it is strongly influenced
by the magnetocrystalline anisotropy, grain size, particle size, lattice strain, and the
phase(s) present. HCI increased in the milled powders when compared with the as-
received powders which can be attributed as the effect of the decrement in the grain
size, particle size, and increment in the lattice strain during the milling process, also
the evolution of new phases due to milling for a longer duration.
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Magnetic Properties at Sub-ambient Temperatures

The M versus H curves of as-received powder as well as the milled powders (5 and
56 h) at sub-ambient temperatures (as low as ~60 K) are shown in Fig. 4a–c. The
variation of MS with temperature T is shown in Fig. 4d. The MS increased with
decrease in temperature irrespective of milling duration, which was expected, as an
increase in temperature decreases magnetic ordering [17]. The decrease in the MS

from ~300 to 60 K followed two different rates. The as-received and the nanocrys-
talline (milled for 5 h) maraging steel powder showed a decrease with the increase
in temperature by ~5–7%, while the powder milled for 56 h showed a substantial
decline ranging from ~8 to 16%. For ferromagnetic materials, the dependence ofMS

on T in the region of low temperatures is given by Bloch’s law [17]:

MS(T ) = MS(0)
[
1− AT 3/2] (1)

Fig. 4 Magnetization (M) versus applied magnetic field (H) curves of the a as-received powder
and the milled powders for b 5 h, c 56 h from temperatures of 300–60 K, respectively. The inset in
each figure shows the M versus H curves in a low magnetic field region of ±10 kA/m. Variation
of d saturation magnetization (MS) and intrinsic coercivity (HCI) of the as-received and milled
maraging steel powders
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whereMS (0) is the saturationmagnetization at absolute zero (0K), andA is a constant
[17]. By fitting the experimental results in Eq. 1, from the sub-ambient runs,MS (0)
and A of the samples were estimated and are plotted next to their respective MS in
Fig. 4d. MS (0) reduced and A increased with the increase in milling duration. The
MS (0) and A of as-received, 5 h, and 56 h are ~188.9 Am2/kg and ~1.3 × 10−5

K−3/2, ~178.3 Am2/kg and ~1.4× 10−5 K−3/2, and ~101.6 Am2/kg and ~3.3× 10−5

K−3/2, respectively. Variation of HCI was estimated (see Fig. 4d). It can be observed
that the as-received powder showed a negligible change with temperature, while
the nanocrystalline milled maraging steel powder (milled for 5 h) shows a minimal
change of ~5% with the as-milled powders at 300 K. Powder milled for 56 h showed
a higher rate of increase by ~1.8 times in HCI with the decrease in temperature from
300 to 60 K. The observed decrease in the powders could be due to the decrease in
the anisotropy field with an increase in temperature. These trends fit (quadratic), and
their values at absolute 0 K were obtained by extrapolating their respective curves to
absolute 0 K. Overall, the as-received powder and the milled powder for 5 h showed
better magnetic properties compared to the powders milled for 56 h, even at the
sub-ambient temperatures.

The Thermomagnetic Behavior

The thermomagnetic curves (M vs. T ) were plotted for the as-received (Region 1)
and the milled powders for 5 h (Region 2), 56 h (from Region 3). The magnetic field
was set to ~79.6 kA/m, and the magnetization was measured from temperatures 300–
900 K at a sweep rate of ~5 K/min in two different cycles: (1) heating (300–900 K)
and (2) cooling (900–300 K). Two consecutive M versus T runs were performed
on these powders, Fig. 5a–c. The as-received powder and milled powders showed a
reversible behavior in both the M versus T runs. During the heating cycle, with the
increase in temperature results decrease in M due to the thermal effect on magnetic
ordering [17]. Thus, the decrease in the M of the as-received during the heating
cycle in the 1st M versus T run could be attributed as due to this effect. In the case

Fig. 5 Thermomagnetic curves (M vs. T ) of the a as-received powder and the as-milled powders
of b 3 h, and c 56 h; from 300 to 900 K and return, at ~5 K/min, and at an applied magnetic field
(H) ~79.6 kA/m
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of milled powder for 5 h, the decline is due to the decrease in magnetic ordering.
Similarly, during the cooling cycle, theM value increased graduallywith the decrease
in temperature. The M of the as-received increased by ~4% at the end of the 1st M
versus T run (when compared with theM at the end and the start ofM at 300 K of the
1stM vs. T run), while the increase inM was by ~3% after the 2ndM versus T run.
In the case of milled powder for 5 h, there was a significant increase inM by ~12%
in these samples after the 1st M versus T run, while the increase in M was by ~3%
after the 2nd M versus T run. On the other hand, milled powder for 56 h showed a
different trend in the M versus T runs. In the heating cycle, M gradually decreased
with the increase in temperature until ~400 K followed with a steep decrease in M
till ~650 K and reaching a minimum value of ~8 Am2/kg (~750 K). After that, the
M started to increase gradually and reached ~12 Am2/kg at ~900 K, which could be
probably due to the phase transformation (extraneous phase) results in the fluctuation
of M at that regime.

While in the cooling cycle, M followed a similar trend as 1st M versus T run
showing the reversible behavior. The as-received powder and the milled powder for
5 h are stable up to ~900 K and possessed better magnetic properties. Thus, it is
important to study the magnetic properties at elevated temperatures and also that if
annealing could improve themagnetic properties of the powder. Further investigation
at elevated temperatures is in progress.

In this work, the influence on the structural and magnetic properties of the pre-
alloyed gas-atomized maraging steel powder during mechanical milling was investi-
gated. Magnetic characterization of the as-received powders and the milled powders
was performed at sub-ambient temperatures and elevated temperatures. The mag-
netic properties of as-received and powder milled for 5 h were comparatively better
than powder milled for 56 h. Future work includes transmission electron microscopy
characterization of the milled powders at ambient temperature to identify the inter-
metallic precipitates. Also, the effect of structural and magnetic properties of the
powders is at elevated temperatures, annealing studies, and the thermally treated
powders.

Summary and Conclusions

The influence on the structural and magnetic properties of the pre-alloyed gas-
atomized maraging steel powder during mechanical milling was investigated. The
as-received maraging steel powder was comprised of the martensite (α) and traces
of retained austenite (γ ). The saturation magnetization (MS) and intrinsic coerciv-
ity (HCI) of the as-received powder at ambient temperature was ~176 Am2/kg and
~3 kA/m, respectively. Mechanical milling of the as-received powder till 8 h formed
nanocrystalline α phase, grain size <50 nm. The lattice parameter was estimated to
be ~0.2873 nm. D90 for the nanocrystalline milled powders (milled for 3, 5, and 8 h)
was estimated as ~8.5 µm, ~8.9 µm, and ~5.7 µm, respectively, while milling for
more than 8 h resulted in the formation of austenite and other extraneous phases of
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precipitates. The MS decreased with the increase in the milling duration, while the
HCI showed no specific trend. TheMS andHCI of the nanocrystalline milled powders
(3, 5, and 8 h) ranged from ~164 Am2/kg to ~169 Am2/kg, ~4.9 kA/m to ~6.7 kA/m,
and ~3.4 Am2/kg to 3.9 Am2/kg, respectively.MS increased with the decrease in the
temperature from 300 to 60 K, for both the as-received and milled powders. Also,
the thermomagnetic behavior of the as-received and the milled powders (5 and 56 h)
from 300 to 900 K showed a fairly reversible nature. Overall, the magnetic properties
of as-received and powder milled for 5 h were comparatively better than the powder
milled for 56 h.
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Phase Diagram of the InP Binary System

Shadia J. Ikhmayies

Abstract Indium phosphide is the only compound in the InP binary system, and
it is a semiconducting material used in optoelectronics, microelectronics, and solar
cells. Understanding the thermodynamic properties of this material is important for
these applications. Phase diagram of the InP binary system was determined at 1 bar
pressure and temperature range 200–1400 K using Thermo-Calc 2019b software and
compared with experimental and calculated ones found in the literature. There are
four phases and six fields of which are four mixed (double phase) fields. The melting
points of In and P elements and InP compound were determined and all reactions
are determined too.

Keywords Phase diagram · InP · Solar cells · CALPHAD · Thermo-Calc 2019b
software

Introduction

Indium Phosphide (InP) is III-V compound semiconductor, which is the only com-
pound that forms from indium–phosphorus (InP) system. It has a zincblende structure
with lattice constants a = 5.8697 Å [1] and space group F 4̄3m [2]. It has potential
use in solar cells, electro-optic devices, high speed, and high power devices.

The knowledge of the phase diagramand thermodynamic properties ofmaterials is
essential for the development and improvement of preparation techniques [3]. There
are few experimental data and studies about phase diagram and thermodynamic
properties of the InP system [3]. All of these are old, where the most recent work
is that of Yamaguchi et al. [4] in 1989. The objective of this work is to reproduce
the phase diagram of the InP system using Thermo-Calc software 2019b and the
most recent database embedded in it. The results are discussed and compared with
previous works.
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Methodology

Thermo-Calc software was used in this work to perform the phase diagram of InP
binary system. It is a powerful software package for the calculation of thermody-
namic and phase equilibria. In conjunction with suitable thermodynamic databases,
assessed using the CALPHAD approach, Thermo-Calc can be used for a wide variety
of applications [5]. The CALPHADmethod is based on the fact that a phase diagram
is a representation of the thermodynamic properties of a system.Hence, if the thermo-
dynamic properties are known, it will be possible to calculate the multi-component
phase diagrams [6].

The template “Binary Calculation” with the type of calculation “phase diagram”
was chosen to calculate the equilibrium phase diagram of the InP binary system in
this work. The total pressure is 1 bar, and the temperature range was automatically
selected 200–1400 K. The used database is the TCBIN: TC Binary Solutions v1.1
database and just stable phases were credited.

Results and Discussion

Figure 1 shows the phase diagram of the InP binary system obtained in this work
using Thermo-Calc software 2019b using the template “Binary Calculation” of type
“phase diagram”. It shows four phases; the two pure components In (TETRAG-
ONAL_A6) and P (RED P) at the terminals, the semiconducting compound InP
(B3_ZINCBLENDE) at 50 P mole percent, and the liquid phase. The semiconduct-
ing compound InP is treated as a stoichiometric (or line) compound. The liquid in
the In-rich side is indiummelt, in the P-rich side is P melt, and after the melting point
of InP, the liquid consists of nonstoichiometric InP melt.

Figure 1 also shows six fields, two of them are one phase fields which are the
liquid phase, which extends on the whole P mole percent, and stoichiometric indium
phosphide (InP) at 50 P mole percent and temperature range 300–1326.73 K. The
other four fields are mixed, double phase fields which are: First, B3_ZINCBLENDE
+ TETRAGONAL_A6which consists of solid indium and solid In-rich InP, and this
field covers the region in the range 0–50 P mole percent, and temperature range 300–
429.75 K. Second, B3_ZINCBLENDE + RED_P which consists of solid P-rich InP
and red P in the P mole percent range 50–100 and temperature range 300–852.54 K.
Third, LIQUID + B3_ZINCBLENDE which consists of liquid indium and solid
In-rich InP, and this field extends from 0 to 50 P mole percent range and temperature
range between melting points of In and InP. Fourth, LIQUID + B3_ZINCBLENDE
which consists of liquid P and P-rich InP, and this field covers the range 50–100 P
mole percent, and temperature range between melting temperatures of InP and P.

From Fig. 1 the melting points of In and P are 429.75 ± 0.025 K or
(156.60 ± 0.025 °C) and 852.54 ± 0.025 K or (579.39 ± 0.025 °C), respectively.
The melting point of InP is 1326.73 ± 0.025 K or (1053.58 ± 0.025 °C).
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Fig. 1 The phase diagram of the InP binary system obtained in this work

Figure 2 shows the calculated and experimental phase diagrams of InP binary
system given in Ref. [4]. The shapes of InP phase diagram in both of Figs. 1 and
2 are the same, but there are differences in melting points of P and InP, but good
agreement in In melting point. From Fig. 2, the melting points of In and P are 430
and 851 K, respectively, while the calculated melting temperature of InP from Fig. 2
is 1341 K, but the experimental value is 1340 K [4]. There is a large discrepancy
between the melting point of InP determined in this work and that in Fig. 2. The
discrepancy between Figs. 1 and 2 is mainly due to the database used, where Fig. 2
was obtained in 1989, and the accuracy of experimental data or database is less than
that in 2019, where more revolution and more development took place in all devices
and softwares used in collecting and analyzing data.

There are two degenerate reactions and one congruent reaction [7]. Enlarged
parts of Fig. 1 are shown in Fig. 3 to display the positions of these reactions. The
first degenerate reaction is
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Fig. 2 Calculated phase diagram for InP system with experimental values. Reprinted after K.
Yamaguchi et al. [3]. Copyright © 1997 by Elsevier Ltd.

Liquid ↔ InP(s) + In(s) (1)

From Fig. 3a, this reaction takes place at 9.52 × 10−7 P mole percent and T =
429.75 ± 0.025 K. But according to Yamaguchi et al. [3], this reaction takes place
at <6 × 10−6 P mole percent and T = 429.8 K. The second degenerate reactions are

Liquid = InP(s) + Pred(s) (2)

From Fig. 3b, this reaction occurs at 99.6876 P mole percent and T = 851.94 K.
According to Ref. [3], this reaction takes place at 0.995 P mole percent and T =
851 K.

The congruent reaction is

InP(s) = InP(1) (3)

and it occurs at 0.50 and P mole percent and T = 1326.73 K as seen in Fig. 3c. But
in Ref. [3], it occurs at 0.5 P mole percent and T = 1341 K.

As it can be seen in Fig. 1, there are no solid or liquid solutions in the phase
diagram; hence, the solubility of InP in In, InP in P, P in InP, and In in InP are
considered approximately zero.



Phase Diagram of the InP Binary System 287

Fig. 3 Enlarged parts of Fig. 1 to show the positions of the reactions. a Position of reaction (1).
b Position of reaction (2). c Position of reaction (3)

Conclusions

The phase diagram of InP binary system was reproduced using Thermo-Calc 2019b
software and compared with the experimental and computed ones. Four phases were
found; pure elements In, and P at the terminals, the compound semiconductor InP at
50 P mole percent, and the liquid phase. Six fields were found in the phase diagram
of which are two single phase fields and four mixed double phases fields. The single
phase fields are stoichiometric InP at 50 P mole percent and the liquid. The four
mixed double phase fields are In + In-rich InP, P + P-rich InP, liquid In + In-rich
InP, liquid P+P-rich InP.Melting points of In, P, and InPwere determined, and some
discrepancies from experimental values were found and discussed. Two degenerate
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reactions and one congruent reaction were found in the phase diagram obtained in
this work. These results are important for the use of InP in electronic industries, in
solar cells, and for the development of preparation techniques of the material.
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Formation of the Carbon-Enriched Zone
and Its Evolution During the Long-Term
Aging Process for 9% Cr-CrMoV
Dissimilar Welded Joint

Kai Ding, Bingge Zhao, Yuanheng Zhang, Tao Wei, Guanzhi Wu,
Yuanfang Wang and Yulai Gao

Abstract The appearance of carbon migration in the 9% Cr-CrMoV dissimilar
welded joint was resulted from the sharp content transition of the strong carbide-
forming element Cr between the weld (~2.3 wt%) and the base metal (~10.6 wt%).
The width of the carbon-enriched zone (CEZ) under original state was about 46 µm,
and the width of CEZ increased and then kept in 65 µm during the 10,000 h aging
treatment. The microhardness test showed that the carbon-depleted zone (CDZ)
exhibited low hardness value (~220 HV) compared with that (~340 HV) in CEZ. The
significant difference in carbide content was the crucial factor in the sharp change of
hardness adjacent to the fusion line. Thus, it is important to understand the evolution
of the CEZ to experience a long-term aging to avoid its negative influence on the
impact toughness and fatigue performance.

Keywords Carbon migration · Long-term aging · Dissimilar welded joint ·
Carbides · Carbon-enriched zone

Introduction

Dissimilar welded joints are widely put into applications and generally regarded as a
great industrial significance in the field like automobile manufacture [1] and power
plant [2–5] attributing to their characteristics to make full use of the advantages for
materials with different mechanical properties [6, 7]. Liu et al. [8] considered that
welding magnesium alloys to copper could simultaneously achieve excellent prop-
erties for the both materials. Ramachandran et al. [9] illustrated that the motivation
for efficient joining of Al alloy and steel was mainly attributed to the need for weight
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reduction in view of enhancing energy efficiency and reducing the adverse impact
on environment in automotive and marine sectors.

However, due to the different compositions and physical properties of various
base metals (BMs), several issues including inhomogeneous microstructure, macro-
segregation, and formation of intermetallic compounds would seriously affect the
mechanical properties of the dissimilar welded joints. For instance, Hosseini et al.
[10] reported grain growth occurred due to the heat input and the presence of pre-
cipitates could deteriorate the mechanical properties (hardness, yield, and ultimate
strengths) of the Inconel 617/310 alloy dissimilar joint. The formation of brittle
intermetallic compounds (IMCs) became the major metallurgical problem of joining
aluminum alloys with steels [11, 12]. Wang et al. [13] suggested the difference in
element mixing during welding process could lead to the macro-segregation with
island-like and peninsula-like structure.

The present investigation focused on the 9% Cr-CrMoV welded by the narrow
gap submerged arc welding. In our previous study [14], CDZ and CEZ were formed
adjacent to the fusion linemainly due to the difference of Cr content between theWM
and 9% Cr steel. In addition, the CrMoV-BM was the weak zone at the temperature
lower than 470 °C, while the specimen fractured at the CDZwith the applied temper-
ature of 470 °C during the high cycle fatigue test [15]. However, the microstructure
evolution of CDZ or CEZ during long-term aging treatment at high temperature was
still little involved.

Experimental Procedures

The 9% Cr and CrMoV steels were used as the BMs to fabricate the 9% Cr-CrMoV
dissimilar welded joint. The composition of the BMs and the corresponding filler
metal is listed in Table 1. Clearly, the content of Cr element in 9% Cr steel was about
four times higher than that in CrMoV steel and filler metal. To some extent, the creep
strength of heat-resistant steels could be enhanced by increased Cr content [16].
The BMs were joined by narrow gap submerged arc welding accompanied with the
multi-layer and multi-pass technique. The welding current and voltage were 400 A
and 30 V, respectively. Subsequently, the 9% Cr-CrMoV dissimilar welded joint was
heat-treated at 660 °C for 20 h to release the residual stress and increase the structure
stability [17, 18].

The schematic of the welded joint is shown in Fig. 1. The specimen for the
microstructure observation containing all the characteristic zones was ground and
polished after being cut from the whole 9% Cr-CrMoV dissimilar welded joint. The
etchant of HCl + HNO3 + H2O with the volume proportion of 3:3:5 was applied
to reveal the microstructure of each characteristic zone. Optical microscopy (OM)
and scanning electron microscopy (SEM) were used to analyze the microstructure
evolution during series aging heat treatment processes.
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Fig. 1 Schematic of the
microstructure observation
for 9% Cr-CrMoV dissimilar
welded joint

Results and Discussion

The optical images of the microstructure for each characteristic zone are shown in
Fig. 2. The macrostructure of the 9% Cr-CrMoV dissimilar welded joint is shown in
Fig. 2a, and the results showed that there existed seven characteristic zones containing
base metal of 9% Cr steel (9% Cr-BM), heat-affected zone of 9% Cr steel (9% Cr-
HAZ), weld metal (WM), CEZ, CDZ, CrMoV-HAZ, and CrMoV-BM. The width
of WM was about 20 mm, and columnar and equiaxed zones formed by the SAW
technique could be detected. The structure of 9% Cr-BM is shown in Fig. 2b, c, and
the lathmartensite could be observed. Temperedmartensitewas themain structure for
CrMoV-BM, 9%Cr-HAZ,WM, and CrMoV-HAZ, which are displayed in Fig. 2c, d,
f, g, respectively. In addition, much more details of the CDZ and CEZ are displayed
in Fig. 2e. It should be noted that the CDZ and CEZ, which were formed adjacent
to the fusion line, were owing to the carbon migration from the WM to 9% Cr steel
during the welding process. Thus, the dark region in 9% Cr-HAZ represented CEZ,
while CEZ displayed bright region.

In our previous study, the formation of CDZ and CEZ was resulted from the
quite difference of alloy elements especially for the strong carbide-forming element
Cr [14] and could therefore extremely decrease the chemical potential of carbon
diffusion [19]. Highly decreasing of chemical potential of carbon diffusion in 9%
Cr steel triggered the carbon to migrate from WM to 9% Cr steel. The schematic of
the CDZ formation is exhibited in Fig. 3a, b. During the welding and the later heat
treatment processes, the carbon content in WM adjacent to the fusion line gradually
decreased. Correspondingly, the carbides were tended to be dissolved to compensate
the migrated carbon when the carbon content decreased to the level lower than that
of thermodynamic equilibrium for carbides [20, 21]. Figure 3c, d clearly reflects
the above-mentioned process that the size and the amount of the carbides gradually
reduced to cause the formation of CDZ in WM. The formation schematic of CEZ,
which is displayed in Fig. 3e, f, was related to the nucleation and growth of the
carbides in 9% Cr-HAZ near the fusion line with the process of carbon migration.
SEM images of the WM, CDZ, CEZ, and the 9% Cr-HAZ are shown in Fig. 3c,
d, g, h. The particles in Fig. 3c, g were identified as carbides by energy-dispersive
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Fig. 2 Microstructure of the characteristic zone for 9% Cr-CrMoV dissimilar welded joint: a the
macrostructure of the welded joint, b 9% Cr-BM, c CrMoV-BM, d, e the microstructure of CDZ
and CEZ, f WM, and g CrMoV-HAZ
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Fig. 3 Schematic of the carbon migration process: a, b the formation of CDZ, c, d details of
carbides in WM and CDZ, e, f the formation of CEZ, and g, h details of carbides in 9% Cr-HAZ
and CEZ

spectrum (EDS) results, which are displayed in Table 2. Lin et al. [22] investigated
the microstructure and toughness of 9% Cr-CrMoV dissimilar welded joint and
considered that such carbides participating in formation would reduce the toughness.
Wen et al. [23] illustrated that high content of dispersive carbides distributed in the
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Table 2 EDS results of particles in Fig. 3

Elements Cr Mo Fe C

wt% at.% wt% at.% wt% at.% wt% at.%

EDS-1# 17.48 6.13 4.19 3.34 58.60 35.30 19.73 55.23

EDS-2# 2.97 2.55 1.09 0.49 87.70 67.49 8.24 29.47

EDS-3# 19.86 12.12 1.83 0.66 61.10 37.77 17.21 49.45

EDS-4# 2.84 2.38 0.36 0.19 89.01 69.19 7.78 28.24

matrix was a benefit to improve the strength and hardness, while degrading fracture
toughness.

To shed much light on the role of carbon migration in the mechanical properties
for 9% Cr-CrMoV dissimilar welded joint, microhardness distribution is displayed
in Fig. 4a. It could be found that the microhardness of CrMoV-BM, WM, and 9%
Cr-BM was 220 HV, 250 HV, and 280 HV, respectively. The higher hardness of 9%
Cr-BM was attributed to the presence of martensite. Obvious fluctuation in hardness
could be detected in HAZs due to the heterogeneous microstructure affected by
heat input [24]. In addition, quite difference in microhardness at the fusion line
was found, and the microhardness in CDZ and CEZ was 220 HV and 340 HV. The
optical image of indentations around the fusion line is displayed in Fig. 4b, revealing
smaller indentation in CEZ than that in CDZ. Undoubtedly, the carbon migration
and resultant seriously different carbide contents were the crucial factor to form the
microhardness change in the region near the fusion line.

Asmentioned above, theCDZwas formed simultaneously combinedwith theCEZ
due to the carbon migration. The width evolution of CEZ was enough to illustrate

Fig. 4 Microhardness test results of 9% Cr-CrMoV dissimilar welded joint: a the whole
microhardness distribution and b the optical image of indentation adjacent to the fusion line
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the whole carbon migration during the long-term aging treatment. In order to better
reflect the width of CEZ, optical and SEM analyses were both performed, which are
shown in Fig. 5a, b. The width of the CEZ was about 46 µm. Figure 5c, d shows the
width change of CEZ during the aging treatment with various aging parameters. The
results showed that there contained increasing and stable stages of the CEZ width.
When the aging time is below 5000 h, the width of CEZ increased with the increase
of aging time and then kept at 65 µm with the aging time exceeded 5000 h.

The width of CEZ was mainly related to the evolution of carbides. Figure 6
displays the carbide details in CEZs with various aging times at 538 °C. It could be
found that both the size and amount of the carbides increased with the aging time
below 5000 h, and the amount of the carbides increased with the aging time exceeded
5000 h. Combining the results of the CEZ width during aging process, it could be
concluded that the increasing stage was highly related to the nucleation and growth
of carbides, and the stable stage was primarily relevant to the growth of carbides.

Fig. 5 Evolution of the CEZ during various aging treatments: a, b microstructure observation of
CEZ and c, d the width evolution of CEZ with a different aging temperature and time
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Fig. 6 Carbide details in CEZs for the specimens with various aging time at 538 °C: a 3000 h,
b 5000 h, c 8000 h, and d 10,000 h

Conclusions

Seven characteristic zones were detected in the whole 9% Cr-CrMoV dissimilar
welded joint. The structure of 9% Cr-BM was lath martensite, and the tempered
martensite was the main structure for 9% Cr-HAZ,WM, CrMoV-HAZ, and CrMoV-
BM. CDZ and CEZ were, respectively, formed in WM adjacent to the fusion line
and 9% Cr-HAZ due to the composition difference in Cr content. Based on the
results obtained by the OM and SEM, the formation of CDZ and CEZ was due to the
carbonmigration from theWMto 9%Cr steel. Thewidth of theCEZ for the specimen
without aging was about 46µm, compared to ~65µm for the specimen experiencing
10,000 h aging treatment. The microhardness test showed that the CDZ exhibited
low hardness (~220 HV) compared with that (~340 HV) in CEZ. The significant
difference in the content of the carbides was the main cause to result in the hardness
change adjacent to the fusion line.
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The Evolution of Precipitates in a Novel
Heat-Resistant Martensitic Steel During
Creep

Pengyu Wen, Zhengzong Chen, Zhengdong Liu and Haiwen Luo

Abstract In the past decades, several 9–12 wt% Cr-containing martensitic steels
have been researched for the application in ultra-supercritical power plants at 650 °C,
which is still a worldwide challenge. Among them, G115 martensitic steel, which
was developed in China, is one of promising candidates. It has the basic composition
of 9% Cr-3%W-3% Co and contains 1% Cu (all in wt%) and the optimized contents
of B and N, leading to much better creep strength and creep ductility than P92 steel.
Both M23C6 carbides and ε-Cu particles were found during the tempering of G115
steel, and the former have finer size than those in P92 steel, which results in Laves
phase to form with the refined size too during the latter creep stage. All these formed
precipitates shall contribute to improved creep rupture strength of G115 steel.

Keywords Precipitate · Coarsening kinetics · Heat-resistant steel · Creep

Introduction

The demand to improve the steam parameters under advanced ultra-supercritical (A-
USC) circumstances for higher thermal efficiency, lower emissions of harmful gases,
and economically feasibility is imperative in fossil-fired steam power plants [1].
Compared to austenitic stainless steels or superalloys, the martensitic heat-resistant
steels (MHRSs) are more competitive due to their superior physical properties, like
high thermal efficiency and low thermal expansion, at a relatively lowmanufacturing
cost. Nevertheless, the increase of permissible service temperature to 650 °C is still
a worldwide challenge.
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The control of dislocation movement is the decisive factor for creep behavior of
MHRS [1]. Thismeans that the optimization of spatial distribution, size, number den-
sity, and volume fraction of the second particles shall benefit the creep performance.
Precipitates in 9–12% Cr-containing MHRS include the nano-sized MX carboni-
trides that could pin dislocations, M23C6, and Laves phase that often precipitate at
grain boundaries or modified Z phase in the size of micrometers [2]. It is now well
known that the enhanced recovery occurring at grain boundaries is the main cause
of the premature behavior and the loss of the rupture strength [3]. The precipitates
that pin both dislocations and boundaries could sufficiently stabilize the tempered
martensitic lath structure (TMLS) with high dislocation density [4].

Nevertheless, the joint precipitation of Laves andM23C6 has been widely reported
in MHRS; in particular, M23C6 was swallowed by the coarsening Laves phase in a
10Cr1W1MoNiVNb steel during creep [5]. Agglomeration and anomaly coarsening
of precipitates are certainly harmful to the creep performance; thus, the new design of
second-phase particles and their optimization of coupling effect are of predominant
importance. In this research, Cu was added into the new type of MHRS, G115, in
which both B and N contents were also optimized. The evolution of precipitates
including M23C6, MX, Laves, and ε-Cu phase during creep was studied using SEM,
STEM, and TEM on the creep ruptured specimens up to 14,000 h.

Experimental

The raw materials of G115 steel were melted in a vacuum induction furnace and
then cast to ingots. Followed by forging and hot extruding into pipes, they were
normalized at 1100 °C for 1 h to guarantee the re-dissolution of precipitates and
appropriate prior austenite grain sizes [6], and then tempered at 780 °C for 3 h to
achieve good toughness, thus meeting the fabrication requirements of thick section
boiler components in A-USC plants [7]. The raw materials of P92 were normalized
at 1100 °C for 0.5 h and tempered at 760 °C for 2 h. The chemical compositions of
P92 and G115 steels are given in Table 1.

The specimens were machined with a gauge length of 25 mm and gauge diameter
of 5 mm and underwent creep rupture tests. In specific, G115 steel was crept under
applied stress of 200 and 130 MPa for up to 14,000 h at 650 °C. For comparison,
P92 steel was tested under the applied stress of 175 and 100 MPa for up to 14,000 h
at its highest service temperature 630 °C.

Equipment including TEM and STEM (JEM-2200) was employed to analyze
the precipitate evolution of the uniform deformation parts (without necking) within
gauge. The SEM samples were mechanically polished by emery paper, diamond
sprayed buff, and colloidal silica, and then etched with 4% nitric acid for 10 s. The
thin foils for TEM and STEM studies were prepared by electropolishing in a twin-jet
apparatus using 7% perchloric acid in glacial acetic acid solution.
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Results and Discussion

The typical temperedmartensite lath structure ofG115martensitic heat-resistant steel
is illustrated in Fig. 1. It is clear in Fig. 1a that densely distributed M23C6 particles
could sufficiently pin the lath boundaries and avoiding the significant recovery of
lath boundaries happened due to the lack of pinning pressure from M23C6 particles.
Two types of particles containing M23C6 and MX could precipitate out abundantly,
whilst fewer ε-Cu particles could be formed due to the high solution of Cu atoms in
matrix at such a high tempering temperature of 780 °C. It is also worth noted that all
the above precipitates were in FCC structure. Figure 1b shows the SAED patterns
of M23C6 particles, and Fe, Cr, and C enrichment in carbides was revealed by EDS;
nevertheless, the B content was not detected due to its low concentration.

A STEM dark-field image and the corresponding EDXmaps of G115 steel creep-
ing under 130MPa for 14,000 h are given in Fig. 2. The enrichment of Cu, W, and Cr
represents ε-Cu, Laves phase, and M23C6 particles, respectively. It can be illustrated
that most of M23C6 particles were located along the (sub)grain boundaries in small
sizes whilst significant coarsening of Laves phase had taken place. These intermetal-
lic compounds, with sizes between ~100 and 1000 nm, could be either independently
formed or jointly precipitated with M23C6 and/or ε-Cu particles. It seems that par-
tial M23C6 particles were swallowed by these significantly coarsened Laves phase
(marked by yellow square) particles. This phenomenon has also been discovered in
recent researches on martensitic heat-resistant steel [5]. In addition, partial Cu atoms
were conspicuously diffused towards Laves phase, especially in those with coarser
sizes, as displayed in Fig. 2b, c. It is noted here that there had never been any reports
on Cu atoms being diffused into Laves phase before. Moreover, two types of ε-Cu
particles in varied diameters could be observed. The small ε-Cu particles in nanome-
ter sizes are mainly found in subgrain interior, whilst the sub-micrometer ones are
distributed along the grain boundaries. It is also seen that ε-Cu particles offer extra
nucleation sites for Laves phase along the (sub)grain boundaries.

Fig. 1 TEM micrographs of tempered G115 steel: a tempered martensitic lath structure and
b precipitate distribution and SAED pattern and EDS analysis of M23C6 particle
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Fig. 2 STEM dark-field images of precipitate morphology and the relevant Cu, W, and Cr element
distribution by area scanning in G115 steel samples crept under 130 MPa for 14,000 h

The coarsening kinetics of precipitates was measured from numerous TEM
images, and at least 40 particles were counted for each type of precipitate in a certain
creeping condition. It was found that the precipitate sizes of both M23C6 and Laves
were smaller in G115 steel, despite that the creep temperature of P92 is lower. After
creeping for 14,000 h, the size difference between two types of ε-Cu particles that
formed within lath interior or along (sub)grain boundaries is about 90 nm.

It is reported that coarsening of the second particles in martensitic heat-resistant
steel obeys the classical Ostwald ripening model, which can be simplified as the
following form [8].
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Fig. 3 Diameter evolution as a function of time for M23C6, Laves and ε-Cu particles in the
investigated G115 and P92 steels (GB: grain boundary, GI; (sub)grain interior)

rmt − rm0 = Kt (1)

where r0 and rt are the average radii of particles at initial time and time t during
creep, respectively. K is the coarsening coefficient. The values of exponent m are
~3 for particle growth controlled by lattice diffusion and ~4 that controlled by grain
boundary diffusion.

The calculated coarsening coefficient of varied particles is also listed in Fig. 3
by assuming the value of exponent m is 3. It is obvious that coarsening rate of
all phases is much smaller in G115 steel than those in P92 steel, and Laves phase
particles exhibited highest coarsening rate due to their incoherence with BCCmatrix.
Moreover, the rapid coarsening of ε-Cuphase that formed along grain boundarymight
be ascribed to the Cu segregation along the grain boundaries as indicated by its high
grain boundary enrichment factor reported in Ref. [9]. This might also lead to more
ε-Cu particles formed along the grain boundaries instead ofmatrix as shown in Fig. 2.

Conclusion

(1) In comparison with P92 steel, both M23C6 and Laves phase were significantly
refined in G115 steel, which depends on the contents of boron and tungsten.

(2) There are two types of ε-Cu phase precipitating in G115 steel during creep-
ing after the creeping for 14,000 h. One was formed within martensite lath in
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nanometer sizes and the other along the grain boundaries in sub-micrometer
sizes.

(3) Both ε-Cu and M23C6 particles can precipitate during tempering and the early
creep stage,which could promote thefine dispersive precipitation ofLaves phase
afterwards. The extensive measurements on precipitates using STEM reveal the
diffusion of Cu atoms into Laves phase, which requires more researches in
future.
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Synthesis and Characterization
of Ultra-Hard Ceramic AlMgB14-Based
Materials Obtained from AlxMgy
Intermetallic Powder and Boron Powder
by the Spark Plasma Sintering

Ilya Zhukov, Pavel Nikitin, Alexander Vorozhtsov and Maxim Boldin

Abstract In this work, AlMgB14-based materials were produced from the inter-
metallic AlxMgy powder and boron powder using mechanical treatment with a plan-
etary mill and subsequent spark plasma sintering (SPS). Phase composition and
structure of obtained materials were examined. Phase composition of sintered mate-
rial is represented by the AlMgB14 phase (~95 wt%) and the spinel phase MgAl2O4

(~5 wt%). The sintered bulk sample has a non-porous structure. The formation of
the spinel phase is explained by the presence of oxygen in the raw boron powder.

Keywords AlMgB14 · Aluminum-magnesium boride · Spark plasma sintering ·
XRD

Introduction

Aluminum magnesium boride—AlMgB14 (so called BAM)—was first reported by
Matkovich and Economy in 1970 [1], but interest in the study of this material
increased significantly after obtaining of polycrystalline AlMgB14, which possess
an extreme hardness (28–32 GPa), low density (2.59 g/cm3), and high thermal sta-
bility [1]. Further studies have shown a low friction coefficient (COF, 0.08–0.02) [2,
3]. The unique combination of these properties makes it possible to use AlMgB14-
based materials as wear-resistant coatings for cutting tools [4] and bearing parts
of machines, where tribological behavior plays a crucial role, as well as structural
materials in engineering.
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Typically, to produce AlMgB14, elemental powders of aluminum, magnesium,
and boron are mixed in an atomic ratio of 1:1:14 and then sintered by hot press-
ing [5–7], spark plasma sintering (SPS) [8], or high-temperature vacuum sintering
[9, 10]. Mechanical treatment of Al–Mg–B powder mixture with a planetary mill
can increase the reactivity of the powder mixture during sintering. The effect of
mechanical activation time and dispersity of the Al–Mg–B powder mixture on the
phase composition of sintered materials was described in [11, 12]. It was found that a
change in the dispersion of the raw aluminum powder and the duration of mechanical
activation of the Al–Mg–B powder mixtures significantly affects the phase compo-
sition of AlMgB14-based materials sintered by high-temperature vacuum sintering,
including the formation of the spinel phase MgAl2O4, which has a negative effect
on the properties of AlMgB14-based materials.

The SPS method is the simultaneous heating and consolidation of the powder
mixture. The mixture is heated due to the transition of electric current to Joule heat,
while electric current is passed directly through the graphite die and the powder
mixture. This can significantly reduce the sintering time of the powder mixture. The
SPSmethod is successfully used to obtainAlMgB14-basedmaterials [8, 13]. It should
be noted that elemental powders of aluminum, magnesium, and boron are used as
raw powders.

As an alternative method of obtaining AlMgB14-based materials, instead of the
elemental powders of aluminum, magnesium, and boron, powders of AlB2, AlB12,
MgB2 can be used [13, 14]. In this work, mixtures of intermetallic AlxMgy and boron
powders were sintered, using SPS method, to obtain AlMgB14-based materials.

Methods and Materials

Intermetallic AlxMgy powder (average particle size <d> ~30 μm) and amorphous
black boron powder (<d> ~ 1–2 μm) were mixed in an atomic ratio of 2:14. Inter-
metallic AlxMgy powder was obtained from Al–Mg alloy. The process of obtaining
aluminum–magnesium alloy is described in [15]. The obtained powder mixture was
mechanically activated with a planetary mill in argon atmosphere. The rotation fre-
quency was 14 Hz. The mass ratio of the powder mixture to milling balls was 1:2.
The time of mechanical treatment was an hour. After mechanical treatment, obtained
powder mixture was sintered in situ by spark plasma sintering at a temperature of
1400 °C, and a pressure of 70 MPa. XRD-analysis was performed using a Shimadzu
XRD7000diffractometerwithCu-Kα radiation. Themicrostructure of sinteredmate-
rials was characterized using a Joel JSM-640 microscope. To determine the amount
of oxygen in the raw boron powder, a LECO N/O/H analyzer was used.
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Results and Discussion

Figure 1a shows XRD-pattern of AlxMgy powder. It was found that the main phase
in the obtained intermetallic powder is the Al12Mg17 phase. A small Al content was
also found. Figure 1b shows XRD-pattern of the AlMgB14-based material sintered
by the SPS method from the Al12Mg17–B powder mixture. The phase composi-
tion of the obtained sample is represented by the phases AlMgB14 (refined for-
mula Al0.75Mg0.78B14) and MgAl2O4. From the reflection, intensity ratio between
the AlMgB14 and the MgAl2O4 revealed in XRD-pattern was possible to calculate
a preliminary content of AlMgB14. It was found that the AlMgB14 phase content in
the sintered sample is ~95 mass%. According to the results of N/O/H analysis, the
formation of the spinel phase is due to the presence of oxygen in the initial boron
powder (oxygen mass fraction ~1.1%), which reacts with Al and Mg during sinter-
ing, forming the spinel phase MgAl2O4. The SEM-image is shown in Fig. 2. The
sintered sample has a non-porous structure, while EDS analysis showed that O, Al,
and Mg (probably MgAl2O4 spinel) are contained in bright regions. Al, Mg, and B
are contained in dark regions, which correspond to the AlMgB14 phase.

Fig. 1 XRD-patterns of: aAlxMgy powder; bmaterial obtained by the spark plasma sintering from
the AlxMgy–B powder mixture
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Fig. 2 SEM micrograph of
the sintered AlMgB14
sample

Conclusions

The phase composition and structure of AlMgB14-based materials obtained by
mechanical activation and subsequent spark plasma sintering was determined. The
sintered sample has a non-porous structure, and according to the XRD results, is
represented by the AlMgB14 phase and the spinel phase MgAl2O4. The formation
of the spinel phase is due to the presence of oxygen in the raw boron powder. To
reduce the amount of MgAl2O4 in sintered materials, preliminary high-temperature
annealing of boron is required.
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Microstructure Evolution of Additively
Manufactured TiC Reinforced Graded
Metal Matrix Composite

Jianshen Wang, Juan P. Escobedo-Diaz, Daniel East, Evgeny V. Morozov
and Kun Yang

Abstract Ceramic reinforced metal matrix composites (MMCs) have advantages
over traditional metallic materials, such as higher hardness, strength, and fracture
toughness, which make them suitable for ballistic and defence applications. In this
research, an in situ synthetized TiC reinforced Ti–Ni matrix sample was additively
manufactured with Ti64 powders and Ni coated graphite powders. Input of Ni coated
graphite powders increases from bottom to top of the sample to create a chemical gra-
dient. Microstructure of the graded sample was examined using optical and scanning
electron microscopy. The characterization results show that TiC dendrites are in situ
synthesized within the metal matrix that contains α-Ti and Ti2Ni. Morphologies
and proportions of these phases change with the variation of chemical composition.
Mechanisms of the evolution ofmicrostructure are further analysed. The gradual vari-
ation of microstructures indicates that 3D printed graded MMC can provide gradient
properties that are preferable for ballistic applications.

Keywords Microstructures characterization · Additive manufacturing · Metal
matrix composites

Introduction

Metalmatrix composites (MMCs) reinforcedwith ceramicparticles, combininghard-
ness and thermal resistance of ceramic with ductility and toughness of metal, have
promising prospects in defence applications [1]. It has also been noticed that graded
armour plates withmechanical properties changing from one surface to another show
better ballistic performance than homogeneous plates [2]. The hard ceramic rich front
surface can wear and split the projectile, and the ductile metal back plate can absorb
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energy. Furthermore, gradually varying properties can avoid lamination and improve
spalling resistance.

Titanium alloys, characterized with high specific strength, good ductility, and cor-
rosion resistance, are widely used in aerospace, automobile, and chemical industry
[3, 4]. However, low hardness and poor wear resistance limit their ballistic applica-
tions. Ceramics such as TiB [5], TiC [6, 7], TiN [8], SiC, [9] and Al2O3 [10] are
applied as reinforcements for improving tribology properties of Ti alloys. Among
these reinforcements, TiC is preferable because of its low density, highmelting point,
high elastic modulus, high hardness, and especially good compatibility with Ti alloys
[1].

Differentmethods are used for the fabrication of graded composites such as plasma
spraying, powder metallurgy and self-propagating high-temperature synthesis (SHS)
[11–13], and additive manufacturing (AM) [7]. Among all these methods, AM is
preferable because its flexibility of changing manufacturing parameters at different
positions of a component. Multi material 3D printing technologies such as Laser
Engineered Net Shaping (LENS) are able to fabricate components from two or more
different rawmaterials and enable the controlled varying of fractions of input materi-
als, which is ideal for the manufacturing of graded composites. TiC–Ti functionally
graded materials are manufactured using LENS with Ti and TiC particles.

For a ceramic reinforced MMC, its mechanical properties are closely connected
with its microstructures such as grain size, ceramic volumes, size, andmorphology of
ceramic reinforcements [14–18]. For additively manufactured materials, microstruc-
tures are greatly influenced by manufacturing parameters [19, 20]. Thus, microstruc-
ture characterization is especially crucial for 3D printed MMCs because knowledge
of how a microstructure is formed and how it affects the material properties is the
bridge between the preferable properties and appropriate manufacturing parame-
ters. In MMCs, in situ synthesized ceramic reinforcements have clean interfaces
and strong interfacial bonding with metal matrix, which lead to better properties
comparing with ex situ ceramic reinforced MMCs [21, 22].

In this research, MMCs with graded Ti–Ni matrix and in situ synthesized TiC
reinforcements are additively manufactured with LENS system. Its microstruc-
tures are characterized with optical and scanning electron microscopy, and the
formation mechanisms of different microstructures are analysed based on binary
phase diagrams and Scheil solidification simulations performed with Thermo-Calc
software.

Materials and Experimental Methods

In this work, a 10 mm cubic graded MMC sample was fabricated using an Optomec
LENS™ MR-7 additive manufacturing system. The LENS system consists of a
1070 nm wavelength fibre laser, a controlled four hopper powder feed system, a
motion control system, and a manufacturing chamber filled with argon protective
atmosphere (Fig. 1a). The fibre laser, whose power can be changed between 0 and
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Fig. 1 a LENS™ MR-7 additive manufacturing system, b deposition head, c Ti64 powders, d Ni
coated graphite powders

500 W, is focused to an approximately 600 μm size spot at the surface of work piece
creating a melt pool to absorb the powder flow fed through nozzles (Fig. 1b). Ti64
powders and Ni coated graphite powders (Ni takes 75 wt%) are used as rawmaterials
for manufacturing of this graded MMC sample. The Ti64 powders are in spherical
shape, the Ni coated graphite powders are irregular in shape, and their particle size
ranges are, respectively, 45–106 and 45–150 μm (Fig. 1c, d). Ti64 powders and Ni
coated graphite powders are stored in different hoppers and can be fed separately
with controlled feed rates. During 3D printing, Ti64 and Ni coated graphite powders
are carried by argon flows to a chamber to be mixed before being delivered to the
melt pool.

The graded cubic sample is built on a 6 mm thick Ti64 plate with 210 W laser
power, 8.5 mm/s scanning speed, and 0.3 mm layer thickness. The first five layers
(1.5mm)at the bottomof sample are builtwith onlyTi64powders to get goodbonding
to the substrate. From the fifth layer to the top of sample, the weight percentage of
Ni coated graphite powders linearly increases from 0 to 40%.

This graded sample is cut off from the substrate and further cut through the
building direction (vertical) to present the graded properties. This interested section
is grinded with 9 μm diamond suspension and chemical polished to mirror-like
surface and then etched with Kroll’s reagent for microstructure examination with
optical microscopy (OM) and scanning electron microscopy (SEM) coupled with
X-ray energy dispersive spectrum (EDS).
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Results and Discussion

Based on the images obtained from OM, microstructures vary from bottom to top
of graded sample (Fig. 2) with different Ni coated graphite inputs. After etching,
the section shows different colours gradually varying with the chemical gradient,
which indicates that phases and fractions of these phases also change from bottom
to top. The phase variation will be further discussed in the following paragraphs
with the SEM images. In Fig. 2, white round powders and black irregular shaped
particles can be observed embedded in the colourful background. These particles
are, respectively, Ti64 and graphite powders which are not completely melted into
melt pools during the 3D printing process. At the bottom part of sample, where Ni
coated graphite inputs are relatively low (≤10 wt%), unmelted Ti64 powders can
be found distributing horizontally between layers. This non-uniformly distribution
of unmelted Ti64 powders is caused by the changing thermal status of melt pools
at different layers. When depositing one layer of materials, some Ti64 powders
will attach to the upper surfaces of solidifying melt pools and be covered by the
next layer of deposition. If the temperature of melt pools in the second layer is
high enough, the unmelted Ti64 powders left by the first layer will be completely
melted into new melt pools. The amount of Ni coated graphite input will affect the

Fig. 2 Optical microscopy image of graded MMC
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thermal condition of a melt pool in two different ways. First, laser energy absorption
rate of a melt pool will be decreased by Ni coated graphite input, which in result
has a negative influence to a melt pool for gaining energy. On the other hand, the
synthesis of TiC and Ti2Ni will generate extra heat to the melt pool. Considering
both above influences, small amount of Ni coated graphite inputs will decrease the
temperature of a melt pool, which leaves more unmelted Ti64 powders. When the
Ni coated graphite input is higher, temperature of a melt pool will be kept high
enough to eliminate all unmelted powders because of the reactive heat. Unmelted
graphite particles are observed existing through all the background andmore densely
distributed among the layers having high Ni coated graphite inputs. The reason of
the existence of graphite particles is similar to that of Ti64 powders. But graphite
fraction increases with more Ni coated graphite input and graphite can survive at
melt pools having high temperature, which explains why unmelted graphite tends to
distribute at upper parts of the sample.

With a SEM, microstructures at smaller scales can be investigated. At bottom of
the samples where no Ni coated graphite is added, 3D printed Ti64 shows a typical
martensite microstructure because of high cooling rate (Fig. 3a).When small amount
of Ni coated graphite (3 wt%) is added into powder supply, small granular size TiC
precipitates appear in the composite, and the metallic matrix shows a basket-weave
structure (Fig. 3b). Based on the Scheil solidification diagram (Fig. 4a), solidification
sequence of a melt pool containing 3 wt% Ni coated graphite can be expressed as
formulas (1) and (2). In such a melt pool, small amount of primary TiCp (subscript p
for primary) first precipitates from the liquid, and then, β-Ti and TiCec (subscript ec
for eutectic) are generated through a eutectic reaction until the melt pool solidifies
completely. Because theC% is low inL2, β-Ti phase takesmost volume of the eutectic
structure. Based on Ti–Ni binary phase diagram [23], β-Ti will turn into eutectoid
α-Ti and Ti2Ni (formula 3), and α-Ti phase is far more than Ti2Ni because of the
low Ni composition in β-Ti. This typical microstructure can be described as small
size TiC particles (about 0.53 μm2 average size) embed in α-Ti dominating matrix,
which is the microstructure we see in Fig. 3b.

L1
(
Liquid1

) → TiCp + L2 (1)

L2 → TiCec + β−Ti (2)

β−Ti → α−Ti + Ti2Ni (3)

With more Ni coated graphite added into powder supply (approximately 6 wt%),
larger sized TiC phase dendrites and white Ti2Ni phase can be clearly observed
embedded in grey Ti phase in microstructure (Fig. 3c). The solidification simulation
diagram is shown in Fig. 4b, and the solidification sequence can be expressed by
formulas (4)–(6). Still, primary TiCp precipitates first from liquid and then acts as
nucleus for the following eutectic reaction (5). Afterwards, at grain boundaries of
these eutectic phases, the Ni rich liquid (L3) solidifies via another eutectic reaction
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Fig. 3 Scanning microscopy images of microstructures at layers of different Ni coated graphite
input, a 0wt%Ni coated graphite, b 3wt%Ni coated graphite, c 6wt%Ni coated graphite, d 12wt%
Ni coated graphite, e 18 wt% Ni coated graphite, f 24 wt% Ni coated graphite, g 32 wt% Ni coated
graphite, f 36 wt% Ni coated graphite
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Fig. 4 Schiel solidification simulations of melt pools with different Ni coated graphite input,
a 3 wt% Ni coated graphite, b 6% Ni coated graphite input, c 10% Ni coated graphite input, d 38%
Ni coated graphite input

(6) producing β-Ti and Ti2Niec. At last, eutectoid reaction (7) takes place and turns
β-Ti into α-Ti and Ti2Nied (subscript ed for eutectoid). Based on the solidification
sequence, two different types of TiC phases and two different types of Ti2Ni can be
found in the microstructures. Primary TiCp dendrites are generally larger in size and
exist in the middle of a Ti grain since they act as nucleus in solidification process.
Eutectic TiCec are in small flake shape and do not have obvious distributing prefer-
ence. Eutectic Ti2Niec are in bigger sized granular or striped shape locating at grain
boundaries, and thin laminar eutectoid Ti2Nied can be found distributing within α-Ti
grains.

L1 → TiCp + L2 (4)

L2 → TiCec + β−Ti + L3 (5)

L3 → β−Ti + Ti2Niec (6)

β−Ti → α−Ti + Ti2Nied (7)
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When the Ni coated graphite input keeps increasing, Ti2Ni phase takes more
volumes and can be observed as thin but continuous chain shape structures at grain
boundaries. Inside grains, stripe shape α-Ti and granular Ti2Nied distribute evenly
with each other. The dendrites of TiC are coarser in size andmore densely distributed
(Fig. 3d). A solidification simulation of a melt pool having 10 wt% of Ni coated
graphite is conducted (Fig. 4c), and solidification sequence can be expressed as
formulas (8)–(11). Comparing above solidification process, a solidification stage
from liquid to β-Ti (formula 10) is added between the two different eutectic reactions.
In microstructures, this solidification from liquid to β-Ti will lead to a layer of TiC
free eutectoid structure at outer parts of grains. With Ni coated graphite, input keeps
increasing, and this solidification sequence is kept the same. But with more and more
Ni and C in the melt pools, TiC dendrites and Ti2Ni chains become coarser and take
more volumes in the composite (Fig. 3e, f). The α-Ti phase is divided into smaller
grains until disappears completely (Fig. 3g).

L1 → TiCp + L2 (8)

L2 → TiCec + β−Ti + L3 (9)

L3 → β−Ti + L4 (10)

L4 → β−Ti + Ti2Niec (11)

β−Ti → α−Ti + Ti2Nied (12)

When the Ni coated graphite inputs reach a high level (≥36%), coralloid TiC
precipitates can be observed distributing densely in Ti2Ni background, and TiNi
phase starts to emerge as very light spots inmicrostructure (Fig. 3h). The solidification
simulation (Fig. 4d) and solidification formulas (13)–(15) show that β-Ti disappeared
in solidification process, and as a result, no eutectoid Ti2Ni and α-Ti can be found in
the microstructures.

L1 → TiCp + L2 (13)

L2 → TiCec + Ti2Nieu + L3 (14)

L3 → TiC + Ti2Ni + TiNi (15)

Microstructures show a gradual but with a dramatic variation with increasing Ni
coated graphite proportion from bottom to top of the sample. The morphologies
and distribution densities of TiC dendrites are both changed. The morphologies of
TiC change from small granular particles to dendrites and finally become coralloid
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structures. The area percentage of TiC in microstructures increases from 7.61%
(Fig. 3b) to 33.6% (Fig. 3h). The average size of TiC reinforcements increases from
0.53 to 6.4 μm2. The area percentage of Ti2Ni in microstructures increases from 3.8
to 47.9%.

Conclusions

In situ TiC reinforced Ti–Ni metal matrix composites were successfully additively
manufactured with Ti64 and Ni coated graphite powders using the Laser Engineered
Net Shaping (LENS™) process. This MMC has a chemical gradient because of the
variationof rawmaterial inputs.Agradually changingmicrostructure canbeobserved
by optical and scanning electron microscopy. The characterization of microstructure
evolution reveals the following features:

(1) The morphologies and fractions of in situ synthesized TiC reinforcements vary
with the chemical gradient. TiC particles go through a changing of shapes from
granular shape to dendrites and coralloid shape with their average particles size
increasing from 0.5 to 6.4 μm2. The area fraction of TiC increases from 7.6 to
33.6% with the Ni coated graphite input increasing from 6 to 40%.

(2) The phase composition and microstructure of Ti–Ni metal matrix are changed
by the input of Ni coated graphite. The net shape eutectic Ti2Ni structures grow
coarser, and the eutectoid α-Ti grains wither away gradually with increasing Ni
coated graphite inputs.

(3) Unmelted Ti64 and graphite particles can be observed between deposition
layers, and their distribution is affected by the thermal status of melt pools.

The gradual variation ofmicrostructures indicates that the properties of 3Dprinted
Ti64 such as hardness, strength, and ductility may be greatly changed by the input
of Ni coated graphite, which worthy further study.
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A Bibliometric Analysis of the Strategy
and Performance Measurement
of the Polymer Matrix Nanomaterials
Development Scenario Globally,
and the Participation of Brazil

Robson S. Costa and Esperidiana A. B. Moura

Abstract Extensive studies have been conducted worldwide on the strategy for the
development of nanomaterials. One of the known strategies for this has aroused
interest in the market is the incorporation of the nanoparticles, extracted from the
residues in thematrices of the polymers for the production of environmentally correct
nanocomposites. This work presents a survey of the scientific knowledge of nanoma-
terials of the polymer matrix and a panoramic view of the evolution of these nanoma-
terials are subject, in order to meet the criteria of sustainable development due to the
environmental concerns. This study also intends to use bibliometric tools to database
acquisition and analysis of bibliographic reviews for an evaluation of the scenarios
in the world on the development of polymeric nanomaterials based on three dif-
ferent classes of polymeric nanocomposites: polymer/clay; polymer/graphene, and
polymer/nanocellulose nanocomposites.

Keywords Polymeric matrix · Nanomaterials · Bibliometry · Status ·
Bibliographic

Introduction

Nanotechnology is one of the six technologies that provide substantial prospects for
innovative products and applications’ development worldwide, in sectors such as pri-
mary agricultural production, animal feed, food processing, novel foods, food addi-
tives and packaging, pharmaceutical products, industrial segments, and newmaterial
developments. Thus, the size reduction of the material to the nanoscale can change
the physicochemical properties compared to conventional material even at larger
scales, due to the high surface to volume ratio of nanomaterials.

Nanocomposite, the area of nanotechnology that uses the nanoscale technology
to improve the properties of materials, is defined as a multiphase system in which
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one of the components has at least one of the dimensions in the nanometer size scale,
ranging from about 1 to 100 nm. Polymer nanocomposites are defined as multiphase
systems in which the nanofillers with at least one of dimensions is in nanoscale size
are dispersed in the polymer matrix.

In recent decades, the polymer nanocomposite materials have been extensively
studied since nanofillers reinforcement, even small loadings, provide substantial
improvements in polymer properties. Nevertheless, as is known, their performance
depends on several parameters and factors, such as the state of dispersion, compat-
ibility, and nanofillers distribution into the polymer matrix. Despite the extensive
research that has been carried out in worldwide in the field of polymer nanocompos-
ites, their full potential in terms of flame retardance, mechanical, thermal, barrier,
and other properties, yet remains a major challenge to achieve, in order to allow its
application in various industrial sectors [1].

Regarding nanoscale components, several nanofillers such as carbon nanotubes,
graphene, nanocellulose, nanosilica, and clay are being tested for their reinforcement
capacity in the polymermatrix. Among these nanofillers, a particular interest in poly-
mer/clay nanocomposites has extended since the last century.Recently, nanocellulose
and graphene as fillers in the polymeric compound have gained the focus of research
and industrial applications [2, 3].

Bibliometric

It is a field of science that studies and analyzes bibliographic references and thus
creates data to assist in the development of testing and decision-making strategies.
Bibliometrics has been a great method for conducting purpose studies and it provides
insight into how research is being used or it studies the design of a specific topic and
what has been completed for new projects and segmentation strategy.

For a good data analysis project, good planning is needed, especially with regard
to bibliometric, because its databases are references, article selection, and keyword
analysis for training and database building.

This work aims the use of bibliometric tools to database acquisition and
analysis of bibliographic reviews for an evaluation of the scenarios in the
world on the development of polymeric nanomaterials based on three differ-
ent classes of polymeric nanocomposites: polymer/clay; polymer/graphene, and
polymer/nanocellulose nanocomposites.

Methodology

To better guide the work, three nanofillers were selected from the various sub-areas
of study nanotechnology materials including; polymer/clay, polymer/graphene, and
polymer/nanocellulose nanocomposites. With the nanofillers selected, the biblio-
graphic references of this work were selected and, later, the use of the bibliometric
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Fig. 1 Data collection information process

tool to understand the development scenario of the analyzed nanocomposites and
meet the main objective of this study. Analyzing articles published primarily for this
purpose from 2016 to 2019, bibliometric to development tools; these three nanofillers
were selected, which helped in the analysis of segmentation data for current stud-
ies and research work. Together, they collected features and relevant information to
selected objects of study in various fields of science. Figure 1, present in the pro-
cess carried out for the start of database creation, this research was developed with
the use of mind mapping tool, through which it was possible to align the concepts
and the main ideas of this study. Subsequently, the defined study areas, and with
the help of keywords (polymer/clay nanocomposites, polymer/graphene and poly-
mer/nanocellulose), searched for references in the field of nanomaterials, nanofilters
and finally, nanocomposite polymer to be studied, analyzed, and structured for the
conclusion of this study.

Itmaybe understoodwith these analyzes, andwewill understand themain features
that led to the development of nanocomposite materials based on a polymeric matrix
and why some industries and some polymeric nanocomposites are not getting the
desired benefits to conduct research related to them.

In Fig. 2, the process was performed to create the database from the beginning to
the identification of the polymer matrix niches. The database was composed by key-
words used for research development; in addition, some bibliometric methods were
used. Bibliometrics use bibliometric indicators, examining the data, the bibliographic
references, by him, provide the necessary information to describe the current situa-
tion, through articles published in a certain period that was analyzed and described
today.

For careful and accurate analysis during this study, data were analyzed, informa-
tion and data obtained from the references obtained through the analysis process for
the preparation of this article. Initially, 317 articles were selected for analysis and
then reduced 275 items, cleaning the obtained data. Keywords used: polymer/clay
nanocomposites, graphene and/nanocellulose polymer/polymers nanocomposites;
and selected the items in order of relevance in the first 10 pages of Google Scholar
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Fig. 2 Bibliometric organization flow

tool, and then organized the data according to the presentation, Fig. 2—bibliometric
flow of the organization, so we can have a brief description of the proposed scenario
in this study.

Scenario

Considering all the scenarios, the three segments previously selected by bibliometric
tools and nanocomposite polymer matrix area were analyzed there between: clay,
graphene, and nanocellulose.

Clay

Since the end of last century, the discovery of various clays and its increasing use
in various applications resulted in continuous developments in polymer science and
nanotechnology [4].

The material “clay” is actually composed of layered silicate/clay minerals (alu-
minum sheet silicates) containing metal oxides such as alkaline earth metal, alkali
metal,magnesium, etc., and especially the organicmatter present in small amounts [5]
The field flourished after workers at Toyota Central Research Laboratories reported
a nylon 6/clay nanocomposite that was used on a timing belt cover on the Toyota
Camry.

This revelation led to an expansion of activity with a wide range of polymer types.
Nylon 6/clay nanocomposites exhibited substantial improvements in the physical
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properties of the composite over pure nylon 6 polymer [1, 6]. Clays are used in
packaging development, different properties can be improved through the use of
nanocomposites, as gas barriers, antimicrobial and other properties [7]. In addition,
surface coatings can be used to modulate the surface affinity of the package for
different liquids and pastes, for example, for a container-based water repellent paper
[8] or easy-to-empty characteristics.

Polymer/Clay Nanocomposite Applications

In general, the real improvements in thermal properties, mechanical barrier, and
the polymer nanocomposite/clay applications are indeed dependent on the level at
which the clay particle is dispersed in the polymer matrix. The extent to which
the clay nanoparticle is distributed in the polymer matrix depends on two factors,
namely: (i) physical interaction capacity, or chemical between the material of the
clay and the polymer matrix, and (ii) the technique used for preparing polymer/clay
nanocomposite.

Classification of Clay Materials

Therefore, a brief discussion on clay classification is provided in this section. Two
major classifications of clay materials include (i) natural clay and (ii) synthetic clay.
The composition of all claymaterials comprises of alternatively arranged “SiO2” and
“AlO6” entities.According to their arrangement, natural claymaterials are subdivided
into (i) 2: 1 and (ii) 1: 1 clay types [5]. The broad classification of clay materials is
shown in Fig. 3 for a better understanding of the readers.

The discussion of polymeric nanocomposite applications presupposes industrial
growth. Many of the laboratory studies cited in this review use solution-based prepa-
ration methods for polymer/clay nanocomposites and others. Its fusion processing is
the most practical and useful method for commercial production for those.

Polymer/clay nanocomposites, such as PE and nylon nanocomposites, are used as
barrier materials in packaging and storage applications. Recently, biodegradable and
bio-based polymer/clay nanocomposites, for example, PLA, PCL and PBS, have
been used as packaging, especially for food and also for short shelf-life products
such as containers, drinking glasses, and blister packs. Some other potential appli-
cations for polymer/clay nanocomposites that have good water barrier properties
are protective coatings, adhesives, molding compounds, and dielectric materials for
electronic applications, which also require high thermal stability and good mechan-
ical properties of the polymer. PBI/clay nanocomposites have been used for mem-
branes, for example, reverse osmosis membranes in seawater and brine desalination,
and have also been developed for organic liquid barrier applications. Water-based
polyurethane/clay nanocomposites are considered promising materials to be used as
water-resistant coatings for wood finishing, fiberglass glue, automotive finishes and
adhesives to reduce solvent emissions and retain good barrier properties [9].
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Fig. 3 Classification of clay materials

Approximately 80% of polymer/clay nanocomposites are intended for the auto-
motive, aviation, and packaging industries. Auto parts such as handles, rearview
mirror, timing belt, gas tank components, engine cover, bumpers, etc. They also used
nanocomposites, mainly nylon (polyamide), produced by Bayer, Honeywell Poly-
mer, RTPCompany, ToyotaMotors, UBE andUnitika [10]. Table 1 shows a summary
of product application and areas in which polymer/clay nanocomposites are used.

And the setting corresponding to the areas in which the polymer/clay nanocom-
posite was used in the early twenty-first century is shown in Fig. 4.

Graphene

Graphene was successfully exfoliated a little over a decade ago. The discovery of
autonomous graphene by Andre Geim and Konstantin Novoselov at the Univer-
sity of Manchester in 2004 led to the awarding of the 2010 Nobel Prize in Physics
for groundbreaking experiments on two-dimensional material graphene. Since then,
there has been tremendous interest from academia, industry, and government institu-
tions in exploring graphene properties, productionmethods, andpossible applications
[11, 12].

Graphene is nothing more than a single layer of sp-bonded carbon arranged in a
honeycomb structure. Unique electrical, thermal property, mechanical and chemical
stability, and ease of chemical functionalizationmake graphene an attractivematerial
[11, 13].

Graphene can be rolled up in a carbon nanotube (CNT) and can form 3D graphite
stacking 2D graphene layers [14–16]. Graphene Oxide (GO) can be synthesized
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Table 1 Application areas and products that use polymer/clay nanocomposites

Automotive Packaging Energy Biomedical Construction Home
furnishings

Footboards Beer and soft
drink bottles

Fuel cells Artificial
tissues

Tubes Furniture

Friezes Meat and
cheese
packaging

Lithium
batteries

Dental and
bone
prosthesis

Cords Home
appliances

Station
wagon

Internal films
of juice
boxes

Solar panels Medicines

Floors Nuclear
reactors

Dashboards Capacitors

Timing belts

Handle

Gas tank

Components

Engine
covers

Bumpers

Source Author

Fig. 4 Applications of polymer/clay nanocomposites

from graphite through Hummer’s method. Resulting GO flakes contain various
functional groups such as carboxyl, hydroxyl, epoxy, etc. Graphene exhibits high
Young’s modulus (~1 TPa), large surface area (2.630 m2 g−1), and thermal conduc-
tivity (~5000 W m−1 K−1). One of the most promising applications of graphene is
incorporation as filler in polymer nanocomposites. There has been extensive research
on GO-based polymer composites for energy application and will be detailed further.
Another attractive property of graphene is that it can be chemically functionalized
[9, 13]. However, this application of graphene is hampered by the poor solubility of
pristine graphene in most common solvents. Also, the large surface area of graphene
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results in significant aggregation in a polymermatrix due to large van derWaals inter-
actions. A challenge is to achieve a good dispersion of the atomically thin sheets of
graphene within the polymer matrix [9].

Polymer/Graphene Nanocomposite Applications

Polymer/graphene-based nanocomposites have been shown some remarkable mois-
ture barrier properties and clearly have great potential for use as permeation protec-
tion materials. Potential applications are food and pharmaceutical packaging as well
as corrosion protection coatings. Devices such as liquid crystal monitors and light-
emitting organic diodes (OLEDs) are very sensitive to moisture and oxygen. There-
fore, with these excellent barrier properties, graphene/polymer-based nanocompos-
ites have obvious potential as ultra-barriers to organic electronics. Graphene is
electrically conductive, while GO is not, therefore, the choice of graphene-based
filler will depend on whether electrical conductivity is a requirement of polymer
nanocomposite.

Transparency is another requirement formany of these applications. However, this
can be difficult because some polymer/graphene-based films are opaque. However,
where there is a very good dispersion of graphene or graphene oxide platelets, highly
transparent, high barrier films can be produced that have the potential for use in
electronic devices such as flexible electronic papers, OLEDs, flexible liquid crystal
displays, cells. organic solar, and organic thin-film transistors [9].

Graphene nanocomposites have a large number of applications including engi-
neering, electronics, medicine, energy, industrial, home design and more (Fig. 5).
Metals such as Cu, Au, Fe, Ce, etc., have been incorporated into graphene as a
composite for various applications such as sensing and imaging. With the success
of graphene-metal nanoparticles (NPs), their most recently discovered counterpart,
graphene–metal nanoclusters (NCs) have gained prominence in the field of materials
science [16].

Nanocellulose

Cellulose as raw material has been in relevance for more than 15 decades, consider-
ing its annual biomass production of approximately 1.5× 1012 tons. In addition, this
biopolymer is viewed as an almost inexhaustible source with raw material produced
mainly from wood pulp and to smaller extent cotton, ramie, flax, wheat straw, tuni-
cate, fungi, bacteria, and algae (green, gray, red, yellow-green) with each having its
unique characteristics (Fig. 6).

Nanocellulose is a form of nanostructured cellulose, which is typically used in
the form of cellulose nanocrystals (CNCs), cellulose nanofibrils (CNFs), or bacte-
rial nanocellulose (BNC) [17]. CNCs, also known as cellulose nanowhiskers, are
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Fig. 5 Potential applications of graphene in different sectors ranging from conductive inks to
chemical sensors, light-emitting devices, energy, touch panels, and high-frequency electronics

needle-like cellulose crystals with typical widths of 10–20 nm and lengths of 100–
250 nm; they are produced from several biological sources, such as wood, cotton,
wheat straw, rice husk, bamboo, potato tuber, sugar beet, ramie, bacteria, and algae,
typically through strong acidhydrolysis. Acid treatments cause the removal of disor-
dered regions from the source materials, forming highly ordered crystalline cellulose
structures. CNFs contain amorphous cellulose in their structure and, therefore, are
not as crystalline as CNCs. BNC, also known as microbial cellulose, is another form
of nanostructured cellulose, which is produced by bacterial actions; It has a typi-
cal cross-section diameter of 20–100 nm and a degree of polymerization (DP) of
4000–10 000 [18].

The use of nanocellulose as reinforcement in nanocomposites has become a pop-
ular research topic. In addition to the numerous advantages of nanocellulose, such as
low cost, low density, renewability, low energy consumption, high specific proper-
ties, biodegradability, and relatively good surface reactivity, it shows better properties
as a reinforcing phase in nanocomposites as compared to micro or macro cellulose
composites [19].



338 R. S. Costa and E. A. B. Moura

Fig. 6 Different sources of cellulose

Polymer/Nanocellulose Nanocomposite Applications

The nanocellulose–polymer composite designing and processing flexibility permit
extensive, design flexibility; and process ability of nanocelulose–polymer com-
posites permit extensive utilization in the automotive, packaging, electronics, and
biotechnology industries, among others (Fig. 7) [19].

Besides cellulose, other polysaccharide nanoparticles can be obtained from starch
or chitin which are also abundant renewable resources, usable in polymer [20].

Conclusions and Perspectives

Clay Panoramic

The perception of polymer nanocomposites is considered as an innovative approach
for design of new materials with specialized properties. The different modification
techniques used for the preparation of functionalized clay materials showed impact
on the dispersion of clay fillers in the polymer matrices [21]. The desired properties
for the polymer/clay nanocomposites are mainly dependent on the type of modifying
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Fig. 7 Potential nanocellulose applications

agents used for functionalization of clay materials [22]. Solution casting technique
appears to provide good dispersion of clay layers in polymer matrix in comparison
with melt blending. This is due to low viscosity and high agitation power associated
with solution blending. However, melt blending is considered as industrially viable
aswell as ecofriendly technique and exhibits high economic potential. The stabilizers
and compatibilizers added during the processing are also found to exhibit impression
on the properties of polymer/clay nanocomposites [23].

Graphene Panoramic

However, it is evident that graphene is an interesting material that exhibits excellent
unique properties that make it a compelling candidate for various applications. But
despite all these excellent properties, there are still a lot of challenges to be overcomed
before the true potential of graphene becomes realizable. In this study, three aspects
of graphene were been identified: properties, fabrication methods, and application
in polymer composites. From the properties aspect of graphene, it is clear that it has
a high potential for various applications including nanofiller for functional compos-
ites, energy storage devices, flexible electronics, sensors, etc., due to its superlative
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properties. The top-down approaches for graphene exfoliation have been reviewed
such as Hummer’s method, and via GO routes. These methods utilize graphite as a
starting material that is low cost and readily available. However, it is clear from the
discussion that the most challenging problem that hinders the wider scale application
of graphene is still the lack of an economically viable large-scale production method
for high-quality graphene fabrication that is environmental-friendly [11]. The appli-
cation of graphene in polymer nanocomposite was analyzed. It is evident that GO
is the most widely used graphene-based nanofiller in polymer composites, largely
because of the chemical interaction between the filler and the polymer matrix that
enhances homogeneous dispersion of graphene in the matrix, thus improving the
overall composite performance [11].

Nanocellulose Panoramic

As cellulose is almost inexhaustible as a resource, the development of cellulosic
nanomaterials and their application to reinforce a synthetic polymer matrix are not
only commercially beneficial but also environmentally beneficial [24]. According to
bibliometric data, the topic of cellulose nanocomposites has been growing exponen-
tially, and this growth is reflected in the increasing number of publications. However,
many of these publications address the isolation of nanocelluloses from different
sources of raw materials and the structure and properties of nanomaterials rather
than nanocomposites and their processing. As such, interest in foaming and spin-
ning of cellulose nanocomposite fibers has also increased in recent years [25]. The
countries with the most publications on the subject are China, followed by the USA,
Sweden, France, Canada, and Japan, showing, for example, that China is currently
very active in this field and the USA assumes this role [25]. Although many publi-
cations report the use of nanocellulose reinforced polymer composites, some review
articles have discussed this topic. Certain advanced and recent findings have not been
satisfactorily addressed in the publications. Although few studies have evaluated the
quality and/or shelf-life improvement of foods packaged with nanocellulose-based
composites, they have been successfully applied to fruits, meats, and vegetables.
And these studies have contributed significantly to understand the many properties,
applications, and functionalization of nanocellulose [26]. One method of addressing
these limitations is the synthesis of nanocellulose-based composites, where cellu-
lose can be used as both reinforcement and matrix. Several studies have reported the
synthesis of these compounds and shown promising results in advanced applications
[26].
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Evaluation of Biodiesel Obtained
from Waste Cooking Oil Purified
with a Modified Clay

C. G. Bastos Andrade, M. Shimba, G. Freitas, L. M. Kobayashi, S. M. Toffoli
and F. R. Valenzuela Diaz

Abstract In order to meet the current environmental demand in the reduction of
greenhouse gas emissions (GHG), and the preservation of water with the reduction
of the incorrect disposal of residues, particularly soybean oil after consumption, the
objective of this paper is to evaluate the biodiesel obtained from waste cooking oil
(WCO) purified using a Brazilian clay after amodified acid treatment, less aggressive
to the environment. The clay, before and after the treatment, was characterized by
XRD, FTIR, and SEM/EDS. The biodiesel had its appearance, color, kinematic
viscosity, density, water content, acidity level, saponification index, and combustion
behavior measured. The results indicated that the biodiesel meets some of the main
requirements of the Brazilian standard for biodiesels, with the exception of higher
water content. Therefore, the effectiveness of the purification process of the WCO
using the modified Brazilian clay was demonstrated.

Keywords Biodiesel ·Modified clay · Nanotechnology · Recycling ·Waste
cooking oil

Introduction

An enormous increase in green energy research was observed at different countries
in the last few years with the development of new technologies that minimize the
environmental impact, and it is a necessary measure to combat the growing of GHG
emissions. The United Nations determines several parameters and policies aiming to
reduce the damages caused mostly by the use of fossil fuels [1–8]. The International
Renewable Energy Agency (IRENA) presents some actions aiming to reduce the
CO2 emissions linked to energy, to prevent the temperature elevation to be higher
than 2 °C, in accordance to the global agreement decided by COP 21. The reports
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also estimate that the energy produced from biomass could generate up to 180 EJ
(180 × 1018 J) in a global scale, by 2050, with an increase of 2/3 in the share
of renewable energy, highlighting the need for greater energy efficiency [9–13]. A
study by the United States Department of Agriculture (USDA), soybean production
in 2016/16 was 114.60 million tons and there was a growth in 2017/18 reaching a
production of 119.50 million tons. According to ANP/ABIOVE estimate, in Brazil,
70% of biodiesel production uses pure soybean oil [14–16]. The waste cooking oil
(WCO) recycling into the production of biodiesel permits a dramatic reduction of the
biodiesel production total cost compared to the traditional process that uses refined
vegetable oils, which represent approximately 80% of the total cost of the biodiesel
production. Another issue is the land use, when biodiesel production competes with
food production. This could be solved with the use of WCO as the main rawmaterial
[17–21].

The conventional industrial process of clay modification to oil purification is
usually performed with high concentration of inorganic acids, which promotes an
increase of the specific surface area (SSA), and pores, resulting in good properties.
On the other hand, it may cause an almost complete destruction of the crystalline
structure of the claymineral. Modified clays—or activated clays—are widely used as
fuller earths in bleaching process by the industry. InBrazil, the regulatory government
agency—National Oil, Natural gas, and Biofuel Agency, ANP, in its directive No.
45:2014—sets the quality parameters for biofuels. The Brazilian bentonite used is a
smectitic clay, with Ca2+ as the preponderant exchange cation, and with a significant
iron content. This paper discusses the evaluation of a biodiesel obtained from WCO
purifiedwith amodified bentonite, using a process less aggressive to the environment
than the traditional one.

Experimental

Materials

The clay sample was a natural bentonite fromBrazilian Northern region, modified by
acid attack using Drs. Bastos Andrade’s and Valenzuela-Diaz’s MAT methodology
[22–27]. The waste cooking oil (WCO) purified was soybean oil. The catalytics used
were KOH and NaOH, and for the transesterification process, methanol P.A. was
employed.

Methods

Initially, the modified clay sample was sieved in #200 mesh, and then dried at 60 °C
for 24 h. The WCO sample was filtered at 40 °C, and then purified using the same
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amount of natural (or raw material) clay, and modified clay by MAT process. The
purification process of the WCO was performed by a simplified bleaching test using
the sameprocedure already reported in previousworks [21, 22].Different proportions
of clay(g)/WCO (mL) were used, 1:20, 2:20, and 4:20, using MAT process modified
bentonite (samples I, II, and III, respectively), or natural clay (samples IV, V, andVI).
After being cooled to 40 °C, the samples were filtered, and centrifuged at 3000 rpm
for 40 min.

The clay characterization consisted in analyzing images from SEM (EDAX
Inspect 50), and from coupled energy dispersive spectroscopy spectra (EDS). The
mineral content was obtained using a Rigaku diffractometer model MiniFlex600,
with Cu-Kα radiation, scanned at 2°/min from 3 to 65° 2θ, at 30 kV and 10 mA. The
clay mineral structure was studied by ATR-FTIR spectroscopy, using a Nicolet iS5
instrument with a spectrum range of 400–4000 cm−1, and 16 sweeps with a 2 cm−1

resolution.
The biodiesel was obtained by a simple process using the best purified WCO

among the six samples. The transesterification process used a molar ratio 1:9
WCO/methanol, 10 g of the WCO, and a ratio of 1 mol of triglycerides to 3 mols
of KOH as catalyst. The alcohol and the catalyst were mixed by magnetic stirring.
The WCO, heated to 90 °C to remove water and cooled to 40 °C, was added to the
solution, and the stirring was continued for 30 min. After that, the solution was left
to rest for 24 h, to separate the glycerin (denser). The biodiesel was then washed with
distilled water to remove the excess of alcohol, catalyst, and soap formed during the
transesterification process. After that, the mixture was left still, to allow the water to
separate. This process was repeated until the water coloration became transparent.
After this, biodiesel was heated to 90 °C, for 24 h, to remove any residual water. The
same procedure was repeated for 100 g of WCO, in order to have enough material
to perform the tests.

The biodiesel characterization consisted in the determination of the following
parameters:

i. Appearance: the degree of turbidity by free water contamination, and/or partic-
ulate material was determined based on NBR 16048. The same procedure was
used to verify the WCO purification.

ii. Kinematic viscosity: initially, the dynamic viscosity was obtained by Stokes
Law, and then converted to kinematic viscosity (based on NBR 10441 stan-
dard). High values of viscosities could cause ignition delays, and thus may
compromise the engine of vehicles.

iii. Density: the densities of purified WCO, and biodiesel, were measured at 25 °C
based on NBR 14065 standard.

iv. Water content: the presence of water contributes to making biodiesel corrosive.
The determination was based on ASTM 6304 and ASTM D4951.

v. Acidity index: performed based on NBR 14448 standard by the potentiomet-
ric titration method, preferably using KOH as titrant, and phenolphthalein as
indicator.
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vi. Saponification index: indicates the ability of biodiesel to form soap, which is
totally undesirable as it could damage the engine of the vehicle. It is defined by
the amount of KOH (in milligrams) required to saponify 1 g of oil.

vii. Combustion: the combustion test was a qualitative test aimed at proving that
the product formed by transesterification is indeed a fuel. It was performed by
burning a small amount of cotton saturated with virgin soybean oil, and another
with the produced biodiesel. The flames were compared in their intensity and
size.

Results and Discussion

Figure 1 presents the XRD results of the bentonite as-received and the modified
clay using MAT process. It is possible to observe that there were no major changes
between the curves, except for the reduction in the basal plane spacing, from 1.513
to 1.423 nm, indicated by shift in the corresponding peak, and the extinction of the
peak associated to the interplanar distance of 0.157 nm.

Therefore, the obtained peaks are characteristic of smectitic clays [23, 24], and
indicated that the MAT process used for the modification of the clay caused only a
slight damage to the crystalline structure of the original clay.

Figures 2 and 3 show the results obtained by infrared spectroscopy analysis for
natural and modified bentonite samples. It is possible to observe that the both curves
are very similar, confirming that, in fact, there was no significant destruction of the
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Fig. 1 XRD results to bentonite natural (raw material), and modified
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Fig. 2 Infrared spectroscopy of the natural clay sample
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Fig. 3 Infrared spectroscopy of the modified bentonite sample

claymineral structure caused by theMATprocessmodification. According to Farmer
and Palmieri, Zhang et al. and Cortes et al. [25–27], the absorption bands in the range
of 3616–3690 and around 1630 cm−1 can be associated with the stretching vibrations
of the O–H group, and are typical of smectites with high content of Al. In the range
of 994–1013 cm−1, it is possible to observe peaks referring to the Si–O bond, typical
of clay minerals.

The semi-quantitative chemical analysis by EDS of the bentonite, as-received and
modified by MAT process, is presented in Table 1. It can be observed that a dramatic
reduction in the iron, calcium, potassium, and titanium contents was caused by the
acid activation process. On the other hand, both contents of silicon and aluminum
remained similar.

The SEM images of the samples are shown in Figs. 4, 5, 6, and 7. The pictures
show the typical agglomerates of small size clay particles, also showing their typi-
cal lamellar structure. For these magnifications, no apparent damage of the crystal
structures was caused by the MAT process.
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Table 1 EDS results for natural and modified bentonite

Element Weight % Atomic %

Natural MAT Natural MAT

Si 28.0 28.5 24.3 21.0

Al 17.3 17.8 15.7 13.7

K 1.0 0.3 0.7 0.1

Ca 1.9 0.0 1.1 0.0

Ti 2.3 0.4 1.2 0.2

Mg 0.1 1.0 0.1 0.9

Fe 16.9 3.1 7.4 1.1

O 32.5 48.9 49.5 63.0

Total 100 100 100 100

Fig. 4 SEM image of the as-received bentonite

Biodiesel Results

Dark color or cloudy appearance is an indication of a possible water content, and it is
not desirable. Otherwise, a clear and crystalline color is the desirable condition, and
it is established by the ANP 45/14 standard. The biodiesel obtained in this work was
clear, without turbidity, free of impurities, and suspended particles. The biodiesel
production started with 100 g of WCO purified, and yielded 91.5 g of biodiesel in
the end (reaction efficiency of 91.5%).
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Fig. 5 SEM image of MAT sample

Fig. 6 SEM image of the as-received bentonite

The ANP regulates density values between 850 and 900 kg/m3. The biodiesel
density is not considered of extreme relevance to ASTM (USA) qualification of
biodiesel. However, changes in density greater than 3 kg/m3 require that all labo-
ratory tests be redone to ensure biodiesel quality. The biodiesel density obtained
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Fig. 7 SEM image of MAT sample

was 862 kg/m3, thus in accordance to the standard. The Brazilian National Health
Surveillance Agency (ANVISA) through RDC no. 270/2005—technical regulation
for vegetable oils, vegetable fats, and vegetable creams, defines that the density value
for a quality vegetable oil must be between 919 and 925 kg/m3. The purified WCO
density was 924 kg/m3, being near the maximum limit of the standard, but still in
accordance.

The dynamic viscosity calculation used Stokes law with Ladenburg’s velocity
correction factor considering the influence of the tube walls on the ball movement.
The kinematic viscosities values of the purified WCO and biodiesel, at 25 °C, were
60.0 and 7.3 mm2/s, respectively. At 40 °C, it was observed a reduction of 20%
for purified WCO (48.5 mm2/s), and 25% for biodiesel (5.5 mm2/s). The kinematic
viscosity obtained to the biodiesel is in accordance with the ANP standard, which
establishes limits between 3 and 6mm2/s. The viscosity of the purifiedWCO at room
temperature was approximately 63.5 mm2/s, and it is also in accordance with values
found in the literature [28]. As expected, and in accordance to the literature, the
viscosity of the biodiesel is lower compared to the oil. This fact can be explained by
the substitution of glycerin (formed in the transesterification process) by methanol,
thus reducing the biodiesel viscosity [29].

In order to analyze if the purification process contributes to the reduction of the
water content, a test was performed on the WCO and the purified WCO. The maxi-
mum water content allowed by ANP 45/14 standard is 200 mg/kg (H2O/biodiesel).
The tests were performed in triplicate to each sample. Table 2 presents the results.

Among the three samples of purified WCO, sample III, that used the ratio of
4:20 g/mL, presented the lowest water content compared to WCO. Thus, sample III
parameters are indicated for the production of biodiesel, remembering that highwater
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Table 2 Results of water content in the WCO, sample III (purified WCO), and biodiesel samples

WCO Sample III Biodiesel

Water content (mg H2O/kg sample) 267.1 140.0 314.8

contents favor saponification during the transesterification reaction and increase the
acidity index, which is not desirable. The water content result for the biodiesel pro-
duced was 314 mg/kg, above the 200 mg/kg allowed by the ANP standard. The value
obtained could indicate inefficiency in the washing/drying process performed after
the transesterification reaction indicating the need for further investigation.

The acidity is directly linked with the water content and mainly by the free fatty
acid content. Therefore, high acidity indices indicate presence of water and fatty
acids, which is not desired. The value obtained for biodiesel was 0.42 mg KOH/g, thus
below the maximum acid content of 0.5 mg KOH/g, set by ANP 45/14.

The test for the saponification index (SI) calculation was performed in duplicate
using the purified WCO and the biodiesel produced. This test contributes to the
calculation of the amount of reagents to be used in the transesterification reaction
to obtain biodiesel. The saponification index obtained for the purified WCO was
200 (mg KOH/gpurified wco), and to the biodiesel was 160 (mg KOH/g biodiesel). Despite
the ANP standard does not establish a limit for the biodiesel saponification index,
it is desirable to obtain low values. High levels of saponification index indicate the
presence of free fatty acids that could impair the quality of biodiesel. The SI result for
the purifiedWCOwas very close to the results found in the literature [30], indicating
that the purified WCO is suitable for the biodiesel production. It was observed that
the SI obtained for the biodiesel produced is lower than the one found for the purified
WCOwhich could indicate a decrease in free fatty acids.Besides,Bellé [31] produced
a biodiesel from post-consumption sunflower oil, with a SI of 161.5mg KOH/g biodiesel,
value quite similar to the results reported in this paper.

Figures 8 and 9 present the combustion test performed using a purified virgin
soybean oil, and the obtained biodiesel. The virgin oil presented low flammability,
exhibiting a flame with a yellowish tone of low incandescence and intensity, with
reduced duration time, and a few seconds to start. The biodiesel sample presented
a reaction time almost instantaneous, forming a long, and intense flame, with an
intense yellowish color, and the reaction remained for a longer period than the one
for virgin oil, typical characteristics of a biofuel.

Table 3 summarizes the various results obtained in the tests performed with the
biodiesel obtained in this paper, comparing them with the parameters of ANP n.
45/14. It is observed that the biofuel results are within the limits established by the
standard, except for the water content.
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Fig. 8 Flame obtained by the combustion of virgin soybean oil

Fig. 9 Flame obtained by the combustion of the biodiesel
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Table 3 Comparison of the results obtained from the tests performed with biodiesel obtained, and
the parameters of ANP n. 45/14

Aspect Density
at 25 °C
(kg/m3)

Viscosity
at 40 °C
(mm2/s)

Water
content
(mg/kg)

Acidity
index
(mgKOH/g)

Saponification
index (mg
KOH/g)

ANP nº
45/14

Clear and
free of
impurities

850–900 3–6 200 0.50 –

Biodiesel Clear and
free of
impurities

862 5.5 314 0.42 160.1

Conclusions

This paper evaluated the biodiesel obtained from purified waste cooking oil (WCO)
using a Brazilian clay after an activation acid treatment, less aggressive to the envi-
ronment than the current industrial treatments. The results of the characterization
tests confirmed that the clay mineral is indeed a smectite, and the MAT process pro-
moted slight modifications in its crystalline structure. The MAT process promoted a
reduction in the contents of some metallic elements, without compromising the main
characteristics of the crystalline structure, and improved the clay properties relevant
to the purification process of theWCO. Among the several parameters established by
the Brazilian standard for biodiesels, the produced biodiesel was tested for five of the
most important ones. The results indicated that the product meets the requirements
of four of them, with the exception of exhibiting a higher water content, param-
eter which can be, however, easily corrected by a more rigorous procedure in the
washing/drying stages of the process.
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Mechanical Behavior of Thermoplastic
Filaments Fabricated with the Fused
Modeling Deposition Technique

Elkin I. Gutiérrez and Henry A. Colorado

Abstract This article intends to evaluate the influence of the printing temperature
on the maximum tensile strength for plastic specimens fabricated via 3D printing.
Thematerials evaluatedwereAcrylonitrileButadieneStyrene (ABS), PolylacticAcid
(PLA), and Polyethylene Terephthalate Glycol Modified (PETG). The manufactured
samples were evaluated in accordance with ASTMD638. The results obtained allow
to establish how the temperature of the nozzle affects the ultimate tensile strength
of plastics and some guidelines are given in relation to the appropriate temperature
according to the material used.

Keywords Expanded polystyrene · Recycling · Strontium aluminate ·
Thermoplastic filaments · 3D printing · Fused deposition modeling · Asphalt
coating

Introduction

3D printing, or additive manufacturing, is a group of manufacturing technologies
that starting from a digital model, allowing you to automatically manipulate different
materials, and adding them layer by layer very precisely to build an object in three
dimensions [1]. By using 3D printing, it is possible to produce objects in almost every
way. Today, different technologies and 3D printing materials are used. Recently, 3D
printing tools are available for industrial manufacturing and for home use as well
[2].
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3D printing allows you to create complex shapes and parts, many of which cannot
be created using conventional manufacturing technologies. When using 3D printing,
complex one-piece models can be produced without the need to make smaller parts
and then assemble them together. In 3D printing, if there is a need to change the
design of a particular product, the digital design would be changed without further
expensive manufacturing processes or additional tools [3].

One of the advantages of 3D printing compared with traditional manufacturing is
that the 3D printing process generally does not require any special tools to produce
models or their parts. Therefore, it does not require additional costs or excessive
waiting periods when a simple or medium complexity object is made. This is because
the objects or their parts can be produced when they are needed, so the inventory
storage costs and working time can be reduced. As an additional advantage, we
can highlight that most processes use materials that can be recycled or reused for
more than one figure, creating very little waste resulting from additivemanufacturing
processes [4].

However, 3D printing has some limitations: In general, it has higher cost for
large production quantities, lower availability of materials, limitations in colors and
finishes, lower mechanical strength, and the life and precision of the final pieces is
lower. Likewise,most 3Dprinters are limited by scale and size.However, despite such
limitations, 3D printing technologies are developing very fast and the costs of 3D
printing tend to be reduced, so the use of this methodology is spreading vertiginously
[5].

There is a wide variety of methods available for 3D printing. Their main dif-
ferences are in the way in which the different layers are used to create pieces.
Somemethods such as fusion depositionmodeling (FDM) or selective laser sintering
(SLS) use melting or softening of the material to produce the layers, while others
deposit liquidmaterials that are treated with different technologies. The International
Organization for Standardization (ISO)/American Society for Testing and Materials
(ASTM) 52900:2015 standard has classified additive manufacturing processes into
seven categories [6]:

(1) binder jetting (BJ);
(2) directed energy deposition (DED);
(3) material extrusion (ME);
(4) material jetting (MJ); (5) powder bed fusion (PBF);
(5) sheet lamination (SL); and
(6) vat photopolymerization (VP).

Each method has its own advantages and disadvantages, so some companies offer
alternatives between powders and polymers as rawmaterials, depending on the needs
of the client. Generally, the main considerations to take into account when choosing
a printer are the speed, the cost of the printed prototype, the cost of the machine, the
choice and the cost of the work materials, and the capacity they offer to choose the
color [7].

Finally, like for any new technology, it is easy to highlight the benefits of 3D
printing. It opens a world of new possibilities for all industries and proposes the
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reduction of transport costs, environmental impact, waste, etc. But 3D printers are
still wasteful, potentially dangerous machines, and their social, political, economic,
and environmental impacts have not yet been widely studied [8].

Materials and Methods

For this study, test specimens have been developed under ASTMD638 [9], in accor-
dance with the type IV specimen. The geometry of the specimens was generated
according to the dimensions shown in Table 1, according to Fig. 1.

The materials used for the printing of the specimens were Acrylonitrile Buta-
diene Styrene (ABS), Polylactic Acid or Polylactide (PLA), and Polyethylene
Terephthalate Glycol Modified (PETG).

The specimensweremade in aCreality 3DCR-10 printer, using 1.75mmdiameter
filaments. The filament used was of the 3DBOTS® brand [10] without any modifi-
cation. The specimens were printed so that the printed filaments were parallel to
the section of calibrated length, as shown in Fig. 2. The head speed was adjusted to
60 mm/min for all samples and 0.15 mm layer thickness, for a total 2 mm sample
thickness.

Table 1 Dimension of the
specimens evaluated

Symbol Parameter Dimension (mm)

G Gage length 50

W_c With of narrow section 6

L Length of narrow section 33

WO Width overall 19

LO Length overall 115

G Gage length 25

R Radius of fillet 14

RO Outer radius 25

T Thickness 2

Fig. 1 Geometry of the
specimens evaluated [9]
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Fig. 2 Printed samples in
PLA, ABS, and PETG

Table 2 Test temperatures Material Lower temperature (°C) Upper temperature (°C)

ABS 220 240

PLA 190 220

PETG 220 240

Five specimens were tested for each of the materials evaluated. Tensile tests were
performed using a universal testing machine with a 2500 kg load cell, at a loading
speed of 5 mm/min.

In all cases, a bed temperature of 60 °C was used. The nozzle temperatures
employed were based on those suggested by the filament manufacturer. In this study,
variations in the printing temperature of 20 °C were evaluated. The temperatures of
the printing nozzle at which the specimens were manufactured are shown in Table 2.

Results

The results obtained from stress tests are presented in Fig. 3. Figure 3a, b shows
the stress–strain curves for the ABS samples at temperatures of 220 °C and 240 °C,
respectively. Similarly, Fig. 3c, d, e, f shows the results obtained in the stress tests
of the samples of PLA at 190 °C, PLA at 210 °C, PETG at 220 °C, and PETG at
240 °C, respectively.

In Table 3, the ultimate tensile strength and the standard deviations for the three
materials evaluated are summarized. In the ABS samples at 220 °C, the highest
standard deviation of all the samples tested was obtained, while the lowest standard
deviation was obtained in the PLA specimens at 190 °C. However, the deviations
obtained in general were less than 10%, except in the case of ABS at 220 °C, in
which a standard deviation of around 11% was obtained.
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Fig. 3 Stress–strain graphs of the samples evaluated

From the results presented in Table 3, some relevant aspects can be seen in relation
to the influence of the temperature of the printing nozzle. Initially, it can be seen how
ABS is the only one of the three materials evaluated that presented an increase in
its ultimate tensile strength. Likewise, the ABS was the material that presented the
greatest variation in relation to its ultimate strength, greater than 13%. The variations
of PLA and PETG show variations of less than 5%. These results are presented
graphically in Fig. 4. A typical box diagram with its subparts is shown in Fig. 4a,
and the results obtained in the present study are presented in Fig. 4b.
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Table 3 Experimental results of the tension tests

Material Temperature (°C) Ultimate Strength
(Mpa)

Standard deviation
(MPa)

Percentage of
variation (%)

ABS 220 44.1 4.8 13.7

ABS 240 °C 50.2 2.5

PLA 190 °C 64.9 1.7 −2.3

PLA 210 °C 63.5 4.1

PETG 220 °C 39.5 3.3 −3.2

PETG 240 °C 38.2 2.3

Fig. 4 Ultimate tensile strength results, a typical box diagram with its subparts [11]; b obtained
results

Summary

In this investigation, the influence of the temperature of the extruder nozzle in the
ultimate tensile strength of a set of test specimens has been investigated. Three inex-
pensive materials commonly used in 3D printing have been evaluated and compared.
From the results, it was noticed that the material that is mostly affected with the
increase in temperature in the printing nozzle was ABS. The other two materials,
PLA and PETG, in addition to presenting a little significant variation (less than 5%),
showed a decrease in their ultimate tensile strength.
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Characterization of a Brazilian Kaolin
and Its Sorption Ability to Mineral Oils

Gilmar Pinheiro, Thamires Carvalho, Bianca Michel, Jessica Arjona,
Margarita Bobadilha, Maria Silva-Valenzuela, Tatiana Costa
and Francisco Valenzuela-Diaz

Abstract Kaolins are clayswith awide range of uses, being one of them as a compo-
nent in several types of cosmetics and pharmaceuticals products as excipient agents
for chemical actives, considering its potential to meet international requirements
described in pharmacopeias, so the use of kaolin in the cosmetic industry has been
expanded based on the final properties achieved with its formulated products, like
hydration capabilities, higher nutrition degree of the skin, and smoothness. There
are not many published researches available concerning the sorption capacity of cos-
metics oils in kaolin, like chestnut oil, pine oil, soybean oil, among others, mainly
related to creams and emulsified products. This paper is focused on a commercial
kaolin from the state of São Paulo, Brazil, aiming its use in the cosmetic industry
as unguents and skin creams. Characterization was made using XRD, FTIR, SEM,
particle size distribution, and cosmetic oil sorption capacity of the kaolin. Results
obtained in some of the tested oil systems were superior to 150% oil absorption on
a weight basis.

Keywords Kaolin · Cosmetics · Oil sorption · Characterization

Introduction

Kaolin is an important mineral widely used in different industries all over the world,
consistingmainly of a kaolinite claymineral which has a structure 1:1 type, being one
layer a tetrahedron containing silicon in the center bounded to another layer structured
like an octahedron with aluminum in the center. Several countries around the world
have important reserves of kaolin being Brazil one of the biggest suppliers of high-
quality kaolin, in terms of physical, chemical, and optical properties, compared to
the majority types available worldwide [1].
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Different industry segments are important users of kaolin, i.e., ceramic industry,
cement, concrete, glass, adhesives, pulp and paper, among others. Special interest has
been driven to the pharmaceutical and cosmetics industry whose demands for high
quality and safety of products manufactured for personal care use have identified
kaolin reservoirs from specific areas of Brazil which almost naturally match these
requirements. This is the case of the present evaluated kaolin from an area located in
Southeast of Brazil, which properties, after beneficiation, could be of high interest
of the cosmetic industry chiefly in topics concerning different levels of oil sorption,
the focus of this characterization. In general terms, the results here obtained can also
be of important value for the coatings industry, especially considering the needs for
adequate and sustainable, both technically and economically, extenders for titanium
dioxide [2].

The main objective of this study is to contribute to leverage available information
on the properties and technologies where and how Brazilian kaolins can be used as
raw material in cosmetic industrial segments, since as of nowadays not many papers
have been published covering these subjects [2].

Oils, both of mineral and vegetal origin, are among the main raw materials used
by the cosmetic industry and are responsible, in general terms, for most of the key
properties of several final products supplied by this industry, so the great importance
of kaolin properties is to guarantee the achievability and stability of these cosmetic
products over its forecasted life [3].

Brazil is one of the top world producers of kaolin accounting for important figures
in the country foreign trade market, being ranked in the fifth position in worldwide
production [3].

In the North of Brazil, deposits of secondary types are prevalent given its weather
conditions favorable to sedimentary deposits. Areas of the Southeast and South of
Brazil are recognized as important deposits of primary kaolin types, being the one
focused here extracted from a deposit in Southeast Brazil, in an area of the interior
of the state of São Paulo, positioned within economic logistic distance to important
industrial consumers [4].

The structure of these materials determines their chemical and physical proper-
ties—high specific area, sorptive and ionic exchange capacities, rheological proper-
ties, chemically inertness, and low or null toxicity for the patient for which they are
used in pharmaceutical formulations. Some authors report a decrease in the bioavail-
ability of drugs due to the co-administration of clays in the formulation. However,
the joint administration of drugs and kaolins in oral drugs or skin care products
has widely accepted advantages from the biopharmaceutical, pharmacological, and
chemical points of view [5–7].

Materials and Methods

A commercial beneficiated kaolin from the state of Sao Paulo. Firstly, material was
screened to achieve uniformity in a 200 mesh sieve plate, and the material generated
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was used for all the characterization tests. Oils used in the characterization are of
common use in the cosmetic market, e.g., pine oil, soy bean oil, chestnut oil, Pará
chestnut oil, passion fruit oil, sweet almond oil, fresh castor oil and a mean of
comparison glycerin was evaluated [8, 9].

Dry and water based moisture evaluation test used thermal methods and final
weight outcomes are compared and percentage of humidity is calculated [10].

Foster Swelling testwas used to verify the capacity of clay swelling in the presence
of different solvents is performed in a graduated cylinder of 100 ml volume, 50 ml
of solvent, and 1 g of kaolin [10].

Oil incorporation is the method of manually shaping a sphere to the point of
homogeneity and smoothness. The oil saturation point is determined by the plasticity
point, adding more solvent to the sphere and disassembling with a spatula until a film
formation is observed on the sample surface. The testwas based on solvent adsorption
test adopted ASTM F726-99 standards in a stainless steel basket [3, 6, 11].

X-Ray diffraction used Phillips X’Pert MPD equipment operating Cu Ka radia-
tion, 40 kV and 40 mA [12]. FTIR analysis uses a Bomemmodel MB-100 spectrom-
eter, KBr disc at the range 400–4000 nm [12]. Thermal analysis (TG and DSC) is to
determine transformations of the kaolin during burning process. Thermogravimetric
analysis (TG) performed in an ISI model ATAi 1500, temperature range from ambi-
ent up to 1000 °C, heating rate of 10 °C per minute [13]. Particle size analysis used
a Malvern MSS Mastersizer particle analyzer.

Results

The determination of kaolin moisture resulted in a dry basis humidity of 3.7% value
considered beneficial for the industrial processing of kaolin, because it does not
require long drying periods before getting into manufacturing processes [9, 14].
Chemical analysis focused evaluation of material toxicity, with focus on Ni, Zn,
Pb, and Cu. Results obtained assured trace values of these elements way below
any legislation requirement. [6, 10, 15]. X-Ray diffraction represented in Fig. 1 is
obtained by the powder method. The evaluated kaolin is formed by kaolinite (K)
and quartz accessory mineral (Q). The typical peak for kaolinite clay mineral is at
interplanar distance of 7.15 Å. The typical peak for the quartz accessory mineral is at
the interplanar distance of 4.05 Å, and secondary peaks of the clay with interplanar
distances are of 3.56 Å, 2.27 Å, and 1.81 Å, respectively [16].

Microscopy of sample sieved in a 200 mesh sieves showing kaolin and impurities,
such as iron, quarts, agglomerates, is represented in Fig. 2.

Energy dispersing microscopy demonstrates a typical composition of this type of
kaolin, i.e., Al, Si. High concentrations of Si and oxygen are associatedwith kaolinite
structure [17].

Infrared Spectroscopy has bands between 3700 and 3623 cm−1 which correspond
to the stretching vibrations of the hydroxyl group (OH), the bands at 1099 cm−1,
692 cm−1, and 470.56 cm−1 correspond to Si–O bond, in the range of 915 cm−1 is



370 G. Pinheiro et al.

Fig. 1 X-Ray diffraction of evaluated kaolin

Fig. 2 Amplification of 25X
of a 200 mesh sieved sample

the Al–OH strain band, the Si–O–Al bond band is 5424 cm−1 and 1639 cm−1 refers
to the OH bond band of water [14, 17].

Regarding different levels of oil adsorption, numbers are expressed in terms of
grams of oil per 1 g of kaolin, in Fig. 3. Sorption degree in weigh basis ranges from
56% for fresh castor oil up to 325% for soy bean oil, and oils, of key importance
in the cosmetic industry, like passion fruit, sweet almond, pará chestnut, pine, and
chestnut, all had sorption values higher than 240%. Glycerin, also an important raw
material of this industry, was used as a mean of comparison, resulting in a sorption
value of 781%.



Characterization of a Brazilian Kaolin and Its Sorption Ability … 371

6.81 

2.25 

1.97 

1.84 

1.79 

1.74 

1.49 

0.56 

0 1 2 3 4 5 6 7 8

GLICERIN 

SOY OIL

CHESTNUT OIL

PINE OIL

PARÁ CHESTNUT OIL

SWEET ALMOND OIL

PASSION FRUIT OIL

FRESH CASTOR OIL

grams of oil per gram of kaolin 

Fig. 3 Capacity of kaolin adsorption, in grams/gram of kaolin

Particle Size distribution of the evaluated kaolin sample resulted in 45% particles
over 20 µm, 43% between 2 and 20 µm and 12% lower than 2 µm.

Thermogravimetric analysis is shown in Fig. 4. It demonstrates a mass loss of
4.11% in the temperature range from 28 to 340 °C and another loss of 1.21% in the
temperature range of 354 to 559 °C. Dihydroxylation of peak is happening between
354.3 and 559.6 °C [17].

Fig. 4 Thermogravimetric analysis
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Conclusions

The studies performed in the kaolin sample showed results consistent to a typical
behavior of kaolinitic clays both in mineralogical and physicochemical characteri-
zations, being considered a safe product in terms of health risk [18].

The kaolin material originated from the State of Sao Paulo was successfully
evaluated and presented potential for the use at the cosmetic industry and could
be adopted as an alternative raw material with great potential to reduce costs and
improve products performance [5, 9, 18].

Considering the highly encouraging results here obtained, it is advisable to move
further into more specific studies to support the ever-growing technological demands
of the cosmetic market. Studies targeting the development of nanocomposites and
rheology behavior are suggestions for future researches with this kaolin [9, 18].
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Fabrication of Ultra-High Molecular
Weight Polyethylene Membrane
and Evaluation of Physical
Characteristics for Wastewater
Treatment

Shan Shan Xie, Zhang Fu Yuan and Yuan Tao Shi

Abstract A porous tubular-type ultra-high molecular weight polyethylene
(UHMWPE) membrane with good filtration effect for turbid circulating water
was designed and prepared. The physical-chemistry properties such as surface
microstructure and tensile strength of tubular-typeUHMWPEmembranewere inves-
tigated. UHMWPE membrane consists of agglomerated particles with diameters of
127–229 µm. The UHMWPE membrane has a porous structure with pore diameter
of 40–152 µm, which can enhance the permeability of UHMWPE membrane. The
accumulation and distribution of oxide scale particles in UHMWPE membrane after
having been used for 5 years were also analyzed. Oxide scale particles are mainly
accumulated on the surface layer of UHMWPE membrane. And the fouling layer
is about 2.052 mm. The accumulation of oxide scale particles decreases with the
increase of distance from the inner surface of the UHMWPE membrane. The accu-
mulation is about 0.96% at L = 0.342 mm, and the accumulation is about 0.36% at L
= 2.052 mm in the UHMWPE membrane. UHMWPE membrane exhibits excellent
antifouling property for long-term use.

Keywords Turbid circulating water · UHMWPE membrane · Filtration · Oxide
scale

Introduction

In view of the increasing wastewater discharge and the ever-increasing demand for
water in steel industries, recycling of wastewater has become the main measure to
reduce the consumption of freshwater. Traditional filters are often applied to purify
turbid circulating water during continuous casting. However, the filter element of
traditional filters is prone to agglomerate and produce a blind spot, and block the
nozzle of continuous casting machine, thereby affecting the production and quality
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of casting [1–3]. Therefore, it is significant to develop a tubular-type composite
membrane as the filter element, which has a significant effect on the purification and
filtration of the turbid circulating water in steel and chemical industry.

The current organic polymericmembranes have the problemswith repeated detec-
tion, repair, and replacement because of its low chemical stability and mechanical
strength [4, 5]. In order to overcome the disadvantages of organic polymeric mem-
branes, numerous research and development of organic membranes have been per-
formed recently. Ultra-high molecular weight polyethylene membrane (UHMWPE)
is extensively used in many fields, such as metallurgy, machinery, chemical industry,
and various industrial wastewater filtration, due to its excellent mechanical prop-
erties, chemical stability, impact resistance, wear resistance, and self-lubrication
[6–8]. Many studies have demonstrated that UHMWPE membrane can be used as
microfiltration media [9, 10]. However, membrane fouling is an inevitable issue in
microfiltration, which decreases the permeate flux over time and increases energy
consumption [11–13].

Generally, major turbid circulating water foulants are oxide scale, metal dust, and
lubricating grease. Luo [14] found that the preferential order of foulantswas adsorbed
organic compounds > particulate matter (iron and aluminum colloids) > metal-
lic oxides. Hwang [15] indicated that the membrane showed irreversible particle
adsorption during the early stages of seawater filtration. Therefore, it is meaningful
to analysis the particles distribution in the internal structure of UHMWPEmembrane
after filtration, which is advantageous to decrease pore blocking and improve cross-
flow microfiltration performance. In this paper, a porous tubular-type UHMWPE
membrane was fabricated by sintered process, and its physical characteristics and
antifouling performance for microfiltration were evaluated after use. The surface
morphology, microstructures, and tensile performance of the UHMWPE membrane
were characterized. The accumulation and distribution of particles in UHMWPE
membrane after having been used for 5 years were also analyzed.

Experimental

Preparation of UHMWPE Membranes

Ultra-high molecular weight polyethylene was used as the main material. Aluminum
stearate, hydroxypropyl methyl cellulose, and rare earth oxide were used as organic
additives. The mixture was blended homogeneously and then placed in a tubular
stainless steel mold with diameter of 150 mm. After being vibrations in a vibrators
for 5–10 min, the stainless steel mold was dried in oven at 220 °C for about 2–3 h.
Finally, the tubular-type UHMWPE membrane was obtained after cooling to room
temperature.
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fiber

fiber

(a) (b)

Fig. 1 Cross-sectional morphologies of tubular-type UHMWPE membrane. b is the magnification
of a; The insert in b is the magnification of corresponding aggregated particles

Characterization of UHMWPE Membrane

Surface morphology of the tubular-type UHMWPE membrane was examined by
usingfield emission scanning electronmicroscopy (FESEM) (JSM-7001F).The aver-
age aggregate particle size and average pore diameterwere counted by nano-measurer
according to SEM images of Fig. 1 in an area of about 1.06 mm2. The functional
groups of UHMWPEmembrane were examined by using a Bruker Fourier transform
infrared (FTIR) spectrometer (Nicolet iS50). Tensile tests of the UHMWPE mem-
brane were conducted by using testing machine (2011SINO/BI002648) at ambient
temperature. To evaluate the antifouling of the UHMWPE membrane, the accu-
mulation of oxide scale in the UHMWPE membrane was investigated by optical
microscope (OLYMPUS BX51M) according to the backscattered electron images of
SEM in Fig. 4 in an area of about 0.042 mm2.

Results and Discussion

Figure 1 shows the morphology of cross section of tubular-type UHMWPE mem-
brane. It is found that the UHMWPE membrane exhibits a typical aggregated nodu-
lar structure, which is similar to those of most of traditional UHMWPE membrane
formed by sintered process [16]. It consists of agglomerated particles 127–229µm in
diameter. These particles are agglomerated of numerous cauliflower-like secondary
particles as demonstrated by the insert of Fig. 1b. The UHMWPE membrane has
a porous structure with pore diameter of 40–152 µm, which can enhance the per-
meability of UHMWPE membrane. From the magnifications in Fig. 1b, it exhibits
numerous fibrous structures between secondary particles, which is ascribed to the
secondary particles are more likely to be oriented when they combine to form longer
molecular chains.
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The surface chemical structure of the UHMWPEmembrane was characterized by
FTIR spectroscopy. Figure 2 shows the FTIR results of the UHMWPE membrane in
the 4000 to 500 cm−1 wave number. The absorption peaks at 2918 and 2850 cm−1

appear in samples owing to the C–H bond stretching. The peak at 1473 cm−1 is
assigned to the asymmetry changing angle vibration of C–H bond. The peak at
718 cm−1 is due to the in-plane rocking vibration band of C–H bond. In addition, the
absorption peaks of 3434 cm−1 may be attributed to the influence of moisture during
the test.

Typical tensile stress–strain curve of UHMWPE is shown in Fig. 3. It can be
seen that the specimen exhibits tensile strain-hardening behavior. It is well known
that numerous of entanglements of UHMWPE prevent the lamellar transforming

Fig. 2 FTIR spectra of
tubular-type UHMWPE
membrane
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fibrillar morphology at large deformation, thus resulting in the early onset of strain-
hardening [17]. The tensile strength of the UHMWPE approaches 2.09 MPa. The
corresponding elongation at break is 6.6%. It may be contributed to a highly oriented
structure of UHMWPE leads to low elongation at break. The tensile elastic modulus
of UHMWPE is obtained from the slope of tensile stress–strain curve and the value
is 82.24 MPa.

To analyze the fouling mechanism, the distribution and accumulation of oxide
scale in UHMWPE membrane after having been used for 5 years are shown in
Fig. 4. The accumulation of oxide scale particles decreases with the distance from
the inner surface of UHMWPEmembrane. The accumulation of oxide scale particles
decreases significantly by about 62.7% when the distance increases from 0.342 to
2.052 mm. The accumulation is only 0.36% at L = 2.052 mm in the UHMWPE
membrane. While the oxide scale particles are hardly accumulated with the increase
of distance. These results indicate that fouling layer is about 2.052 mm. The smaller
oxide scale particles are apt to deposit on the internal structure of the UHMWPE
membrane, thus resulting in pore blocking and irreversible fouling. While the larger
particles are intercepted and deposited to form cake, preventing the smaller particles
from further depositing on themembrane pores [18]. After backwashing, the attached
cake is removed and the oxide scale particles would lead to a higher degree in pore
fouling [19]. Such process repeats until the whole membrane surface is covered
and equilibrium has been reached. Therefore, the oxide scale particles are mainly
accumulated on the surface layer. Furthermore, the accumulation is only 0.96% at
L = 0.342 mm in the UHMWPE membrane. As a result, UHMWPE membrane
exhibits excellent antifouling property for long-term use.

The cross-sectional backscattered electron images of UHMWPE membrane after
having been used for 5 years are shown in Fig. 5. It can be observed in Fig. 5 that
two positions exhibit numerous oxide scale particles and suspended solids in the
agglomerated particles surface and pores of the UHMWPE membrane. At the same

Fig. 4 Accumulation and
distribution of oxide scale in
the tubular-type UHMWPE
membrane after having been
used for 5 years
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Fig. 5 Cross-sectional morphologies of the tubular-type UHMWPE membrane: a L = 0.342 mm
and b L = 2.052 mm

time, comparing Fig. 5a, b, it is clear that the accumulation of oxide scale particles
and suspended solids at L = 0.342 mm is much higher than that at L = 2.052 mm.
This further indicates that the fouling of UHMWPE membrane at L = 0.342 mm
is much more serious. And the oxide scale particles are mainly accumulated on the
surface layer.

Conclusion

The tubular UHMWPE membrane with porous structure was used for filtration in
turbid circulating water of continuous casting. UHMWPEmembrane is composed of
agglomerated particles and numbers different macro-pores. The average aggregated
particle size is in the range of 127–229 µm. Excellent separation performance is
presented. After filtration of the turbid circulating water, oxide scale particles are
mainly accumulated on the surface layer of UHMWPE membrane. And the fouling
layer is about 2.052 mm. The accumulation is about 0.96% at L = 0.342 mm, and
the accumulation is about 0.36% at L = 2.052 mm in the UHMWPE membrane.
UHMWPE membrane exhibits excellent antifouling property for long-term use.
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A Comparison Between Graphene Oxide
and Reduced Graphene Oxide
as Reinforcement Agents
in Polypropylene Nanocomposite Using
Irradiated Polypropylene
as Compatibilizer

Carlos Soares, Julyana Santana, Olgun Güven and Esperidiana A. B. Moura

Abstract Graphene is the material with the best mechanical resistance ever encoun-
tered. Various types of studies have been carried out on possible applications. The use
as a reinforcement in nanocomposites has shown to be a promising field, but some
studies indicate that the graphene oxide (GO) and reduced graphene oxide (RGO)
have better results as reinforcement, due to the functional groups,which allow a better
adhesion with the matrix. This study analyzes the production of polypropylene (PP)
nanocomposite comparing the use of graphene oxide (GO) and reduced graphene
oxide (RGO) as fillers and irradiated polypropylene as a coupling agent.A twin-screw
extruder and injection molding machine were used to produce the nanocomposite
PP reinforced with 0.2 wt% of GO and RGO by melt blending. The GO and RGO
were characterized byXRDanalysis. The nanocomposite sampleswere characterized
by XRD, SEM, TG, DSC and mechanical test.
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Tensile tests
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Introduction

Graphene is the material with the best mechanical resistance ever encountered, com-
posed by carbon only, it is the finest material in the world, reaching a plane with just
one atom thickness in a sp2-hybridized lattice [1, 2]. Novoselov and Geim were hon-
ored with Nobel Prize for Physics in 2010 for its synthesis [3]. Nowadays, graphene
has attracted tremendous attention because of its remarkable properties in differ-
ent areas such mechanical, electronic and thermal [4, 5], due to its atomic scale, it
can be combined with others materials, bringing news kinds of nanocomposite with
new kinds of properties, becoming a promising material for many applications [2,
6]. The discovery of how to combine polymer with nanoscale particles, by Toyota
research group, create a lot of opportunities to applications with graphene [7, 8].
Polymers material are used in many applications, mainly in areas where weight is
an important issue, such as automobile and aerospace when mixed with graphene it
can keep its properties by conventional processing and fabricated in complex shaped
[9]. The nanocomposite’s properties are directly influenced by dispersion and inter-
facial interactions with the nanofillers [2, 10], but pristine graphene addition does
not form homogeneous composites due to the van der Waals interaction, becoming
incompatible with an organic polymer. Furthermore, the most promising area for
this material is in polymer nanocomposites, where the exceptionally high elastic
modulus and tensile strength of graphene or graphene derivatives (graphene oxide
(GO)), a heavily oxygenated graphene, produced by oxidation of natural graphite,
bearing functional groups like hydroxyl, epoxide and carboxyl groups, being more
compatible and hydrophilic. GO and reduced graphene oxide (RGO) have presented
noticeable improvement in the mechanical properties as reinforcement in nanocom-
posites [11], also both have high yield production and low cost in comparison to
graphene [9].

Polymer matrix as polypropylene (PP) plays an important role due to its low cost,
providing a good condition of commercialization and mechanical properties have
become largely used in industrial application. However, as a hydrophobic polymer,
it has poor adhesion hydrophilic reactive groups. According to Karsli et al., this
problem can be solved by Gamma radiation, improving its properties and gaining
compatibilization between PP and fillers such as carbon fiber [12]. Effects of the
influence of radiation in polymers have become extensively studied in the last few
decades, [13] the irradiation of polymers with high-energy radiation, like gamma and
electron-beam, result in scission of themain chain, generally termed as “degradation”
or cross-linking with the concomitant formation of covalent bonds among polymer
chains and compatibility, between PP and filler, can be explained by induced oxida-
tion and limited chain of PP [12]. Furthermore, radiation can be used to reduce GO,
which is easily controlled, highly less destructive and eco-friendly, in comparison
with a conventional chemical reduction [14], and it can further inhibit the graphene
agglomeration, thereby contributing to a “well-dispersible graphene” [15].

To process the nanocomposite, there is some option as solution mixing, melt
blending and in situ polymerization [9]. Solution mixing brings better results in
dispersion, but the use of solvent made this option not environment-friendly. This
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study took the option for melt extrusion, using a twin-screw extruder, where the
filler can be mixed directly into the polymer matrix and feed into an extruder, an
economical method and easy to apply to industrial production.

Materials and Method

Materials

For the preparation of polypropylene/GO nanocomposites (PPCNs) were used the
following materials: polypropylene homopolymer H 301 with a melt flow index of
10 g/10 min (ASTM D 1238) and a density of 0.905 g/cm3 (ASTM D 792) from
Braskem S/A, graphite powder purchased from Labsynth Ltda.

Graphene Oxide

Graphene oxide was synthesized from natural graphite powder by a modified Hum-
mers method [15]. The as-prepared graphene oxide was exfoliated in DMF/distillate
water solution under ultra-sonication. The resulting GO was washed several times
with HCl and distillate water until pH ~ 6 and freeze-dried to obtain the powder.

Reduced Graphene Oxide

A solution of distilled water (50 ml) , alcohol (50 ml) and GOwere sealed and irradi-
ated with gamma radiation (60Co) at radiation dose of 80 kGy, using a multipurpose
gamma irradiator located at Radiation Technology Center CTR-IPEN/CNEN-SP, at
radiation dose rate of 6 kGy/h and room temperature. After irradiation, the aqueous
solution containing RGO was frozen for 24 h and freeze-dried for 24 h to obtain the
RGO powder.

Nanocomposite Preparation

The polypropylene/GO and /RGO nanocomposites (PPNCs) were prepared accord-
ing to the composition presented in Table 1 using a co-rotating twin-screw extruder
(Maplan). The temperature profile was 160/175/185/190/195 °C. The screw speed
was set from 20 to 30 rpm. The extrudates materials were cooled down in water at
room temperature for a better dimensional stability, pelletized and dried at 60± 2 °C
for 24 h, subsequently fed into injected molding where the temperature profile used
was 180/185/190/195 °C, and the mold temperature was set to 50 °C and specimens
test samples were obtained.
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Table 1 PPCNs nanocomposites composition

Materials PP (wt%) PPI (wt%) GO (wt%) RGO (wt%)

Neat PP 100 – – –

PP/GO 99.8 – 0.2 –

PP/RGO 99.8 – – 0.2

PP/PPI/GO 94.8 5.0 0.2 –

PP/PPI/RGO 94.8 5.0 – 0.2

Characterization Methods

Thermogravimetric Analyses (TG)

The TG analysis was carried out using samples weighing 5.0 ± 0.5 mg. The tem-
perature range was set from 25 to 600 °C with a heating rate of 10 °C/min, under
nitrogen atmosphere (50 ml/min).

X-Ray Diffraction (XRD)

The XRD patterns of the GO, RGO and of the neat PP and its nanocomposites were
obtained using Siemens-D5000 diffractometer operated at 40 kV and 40 mA, with
copper Kα radiation (λ = 1.54 Å) and 2θ varying between 2 and 50°. The interlayer
spacing (d) of the clays was calculated through Bragg’s Eq. (1):

n ∗ λ = 2d sin θ (1)

where:

n = whole number
λ = 1.54 Å is the incident radiation’s wavelength
d = interlayer spacing
2θ = diffraction angle

Mechanical Tests

The tensile tests for all samples were performed according to ASTM D 638 using a
universal testing machine INSTRON, model 5564 at room temperature and loading
rates of 50 mm/min.
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Field Emission Scanning Electron Microscopy (FE-SEM)

FE-SEM of cryofractured samples under liquid nitrogen was carried out using a
JEOL-JSM-6701 F, microscope with an accelerating voltage of 1–30 kV, using EDS
Thermo-Scientific mod. Noran System Six software, in carbon sputtered samples.

Results and Discussion

Thermogravimetric Analysis Results

TGA curves of PP, PP/GO, PP/RGO, PPI/GO, PPI/RGO, GO and RGO under N2

atmosphere are plotted in Fig. 1. The weight loss stage between 140 and 200 °C
corresponds to the presence of moisture, and at 350 °C can be attributed to the
weight loss of labile oxygen functional groups [2].

Table 2 hasmore information to analyses, the composites present a slight decrease
in degradation temperature when compared to neat PP.

Fig. 1 Thermogravimetric (TG) (a) and derived thermogravimetric (DTG) (b) thermograms for
the neat PP and its nanocomposites

Table 2 Decomposition
temperatures and weight loss
of PP and PPCNs

Materials Tonset (°C) Tmáx (°C) Weight loss (%)

Neat PP 310 464 99.5

PP/GO 265 436 99.8

PP/RGO 297 459 99.3

PP/PPI/GO 295 462 98.6

PP/PPI/RGO 295 464 98.7
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Fig. 2 XRD patterns to PP,
GO, RGO and composites

X-Ray Diffraction (XRD) Analysis

The bulk crystal line structure of the powder was also characterized using XRD,
which is presented in Fig. 2. The peaks in the diffractograms 2θ 14.2°, 17° and 18.8°
correspond to (110), (040) and (130) planes of alpha crystal of PP [1], those bands
presented strong intensities. The other three bands, at 21.13° reflection assigned to
the (111) crystallographic plane, at 21.9° reflection assigned to the (041) and at
25.42° reflection assigned to the (060) crystallographic plane with lower intensities
[16]. A diffraction peak corresponding to GO appears at 2θ 10.5° that appears too in
RGO diffractogram with a weak peak. While GO exhibited a broad and weak peak
at 2θ 26.0°, this peak is strong in RGO, like pristine graphite, which can indicate
that nanosheets restack in RGO, because of the strong Van der Waals’ forces in
the interlayer [11]. The peaks exhibited by RO and RGO in X-ray diffractograms’
not appear in the composites, that shows only the reflections of the crystallographic
and amorphous planes of the PP matrix, indicated the total overlapped and good
dispersion [16].

Mechanical Properties

Table 3 presents the results of tensile tests for neat PP and PP/PPI/GO/RGO compos-
ites. The results presented show the average values calculated from the data obtained
in tests for ten test specimens. All the composites presented an increase in tensile
stress at yield and tensile strength at break higher than 10% when compared to neat
PP, except for the PP/PPI/RGO sample that presented a slight decrease in tensile
strength at break. Regarding the Young’s modulus, it can be observed a gain for all
samples due to GO or RGO addition. The elongation reduced for all composites, a
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Table 3 Mechanical properties of PP and PPCNs

Materials Tensile stress at
yield (MPa)

Tensile strength
at break (MPa)

Elongation at
break (%)

Young’s modulus
(MPa)

Neat PP 33.5 ± 0.9 20.9 ± 1.8 392.7 ± 35 364

PP/GO 38.6 ± 1.5 36.1 ± 2.1 17.8 ± 0.6 393

PP/RGO 39.1 ± 0.7 35.8 ± 1.7 21.7 ± 1.7 453

PP/PPI/GO 38.2 ± 2.4 35.3 ± 2.3 16.7 ± 1.1 430

PP/PPI/RGO 37.7 ± 1.0 15.1 ± 1.3 217.1 ± 19 335

Fig. 3 Diagram stress × strain for neat PP and its composites

slightly decrease in PPI/RGO and a major decrease to all the others, its indicated
good interfacial bonding between filler and the host polymer, that restrain the poly-
meric chain movement [17]. The increase in tensile stress and Young’s modulus also
means a good adhesion with matrix [18].

Figure 3 shows the diagram stress (MPa) × strain (%) for neat PP and its com-
posites. The results show a significant reduction on elongation at break of PP/GO,
PP/RGO and PP/PPI/GO when compared to neat PP, meaning good distribution of
GO an RGO layer and good Interfacial bonding filler/matrix [19].

Field Emission Scanning Electron Microscopy (FE-SEM)

FE-SEM micrographs of cryofractured surfaces of the neat PP and its composites
were studied to understand the failure mechanisms and also evaluate the presence of
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GO/RGO aggregated and its dispersion in the PP matrix. FE-SEM image of neat PP
and its composites in different magnifications are showed in Fig. 4.

In Fig. 4, the images show not a relevant difference between nanocomposites
(Fig. 4c–f), all nanocomposites present an irregular fracture surface.When compared
to neat PP (Fig. 4a) composites exhibits littlemore fragile fracture. ComparingFig. 4b
(10.000x) from Fig. 4c (500x), no expressive changes can be seen, indicating a
homogeneous dispersion of GO/RGO nanosheets in the PP matrix.

Fig. 4 FE-SEM image of a Neat PP and FE-SEM images of b-c PP/GO, d PP/RGO, e PPI/GO
and f PPI/RGO
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Conclusions

This study analyzed the synthesis of graphene oxide (GO), reduced graphene oxide
(RGO) and their application as fillers in polypropylene (PP) matrix to produce
nanocomposite, as well as using irradiated polypropylene as a coupling agent.

In conclusion, the thermogravimetric analysis results did not show much differ-
ence in the obtained nanocomposite samples. FE-SEM and XRD analysis results
showed that synthesis of GO/RGO from graphite succeeded, and its combination
with PP showed a good dispersion, resulting in a homogeneous nanocomposite. In
addition, the mechanical tests showed good results, except for PP/PPI/RGO with
decreased mechanic strength, indicating bad adhesion.

The other PPNCs showed improvement between 10 and 16% in tensile strength
and 8–25% in Young’s modulus.

Despite the GO/RGO synthesis showed good results, the PP/PPI/RGO indicated
possible restack of RGO, due to the van der Waals force. The synthesis process
followed the same steps, but yielded different results indicating the need for further
investigation.
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A New Method to Obtain Cellulose
Nanofiber from Wood

Miguel Sanchez, José Armando Spinoza and Leila Figueiredo Miranda

Abstract Cellulose nanofiber (CNF) can be obtained from natural or waste wood by
acid hydrolysis. In this unprecedented research, we describe a process for producing
CNF with nitric acid. Crystallinity index of approximately 84% was obtained. Euca-
lyptus certified by Forest Stewardship Council (FSC) was chosen as source aiming
to ensure equal reproducibility of future experiments. A wood sample was treated by
acid hydrolysis during almost 300 min. The resulting mass was filtered in a vacuum
system and dried during one hour at temperature about 100 °C in an oven. The wood
sample was also analyzed by X-Ray diffraction (XRD) to be sure of its crystallinity
and submitted to a thermal analysis. Cellulose nanofiber has a greater axial elastic
modulus (Young’s modulus) than Kevlar, and its mechanical properties are within
the range of other reinforcements materials. Cellulose nanofiber can be a good mate-
rial to reinforce some polymeric filament like polylactic acid (PLA) or acrylonitrile
butadiene styrene (ABS).

Keywords Wood · Hydrolysis · Cellulose nanofiber

Introduction

Cellulose is a very well-known material and the most abundant naturally polymer
found in this planet [1]. It represents about 1.5–1012 tons (metric ton) of the total
annual biomass production and is considered an inexhaustible and renewablematerial
[2]. Cellulose nanofiber (CNF) promises to be a good material for the biopolymer
composites industry [3]. Cellulose nanofiber has an axial elastic modulus (Young’s
modulus) greater than Kevlar (greater than 100 GPa) [4, 5], and its mechanical
properties are within the range of other reinforcement materials. The natural source
of cellulose fibers is trees because they furnish wood in abundance and are the
renewable source of raw material. Said fibers have amorphous parts and crystalline
parts. Figure 1 shows the structure of cellulose [1].
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Fig. 1 Structure of cellulose

Cellulose is a linear chain and has a flat ribbon-like conformation [4]. There are
four polymorphs of Cellulose (I, II, III, IV). Each of them has been extensively
studied; however, Cellulose (I) is the crystalline cellulose naturally produced by a
variety of organisms like trees and plants, and it is sometimes referred to as “natural”
cellulose [4].

The selective elimination of the amorphous part is usuallymade by acid hydrolysis
using strong acids like hydrochloric or sulfuric acid [6]. This article presents the
preparation of cellulose nanofibers from wood pulp by acid hydrolysis with nitric
acid. Crystallinity indexes were obtained near 84.4% which represent a better result
than those obtained by other researchers, around 67.3% [7] and 70.0% [8]. The X-ray
diffractograms showed peaks at 2θ near 18.9º, 23.1, and 35º indicating the presence
of cellulose nanofibers and the index of crystallinity [9]. Themethod described herein
is on a laboratory scale. Further studies can optimize industrial processors for the
application of cellulose nanofibers on a large scale [10].

Experimental Procedure

A sample of wood from eucalyptus certified by FSC [11] was dried in an oven at
110 °C for near 24h.Approximatively, 5 gofwoodwas shaken inHNO3 (2.5molL−1)
at near 75 °C for 300 min. Subsequently, the cellulose nanofiber (CNC) suspension
was filtered through a membrane with a 3.0μm pore size. The residue was then
washed four times with ethanol and deionized water to remove impurities and then
dried at 110 °C for 2 h and air cooled after the drying process.

X-Ray Diffraction (XRD)

The crystallinity index (CrI) of the obtained cellulose nanofiber was determined
according to Teixeira et al. [9], by X-ray diffraction analysis (XRD) using a Rikacu
Inc. MiniFlex II diffractometer equipped with Kα Cu radiation. (λ = 0.15540 nm)
in a 2θ range from 5 to 90° to 30 kV and 15 mA.
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Scanning Electron Microscopy (SEM)

The morphology of the cellulose nanofibers was observed using an electron micro-
scope JEOL model JSM 6510. A sample was fixed on an aluminum stub using
double-sided tape and then coated with gold to improve conductivity.

Thermal Analysis

A sample of cellulose nanofiber was placed in an open alumina capsule and analyzed
in a NETZSCH thermogravimeter. Analysis was performed under a nitrogen gas
(neutral atmosphere) at a constant flow rate of 50 mL min−1. Thermogravimetric
curveswere obtained for sample from50 to 600 °C,with a heating rate of 10 °Cmin−1.

Results and Discussion

Yield Process

From 5 g of wood from eucalyptus certified, 2.1 g of cellulose nanofiber (CNF) was
obtained.

This proposed process for obtaining CNF using nitric acid as hydrolysis agent
produced cellulose nanofibers in 42% yield. Figure 2 shows the CNF obtained dried.

Fig. 2 CNF obtained dried
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Fig. 3 XRD for obtained cellulose nanofiber

X-Ray Diffraction (XRD)

The crystallinity index (CrI = 84.4%) was determined using the relationship pro-
posed by Segal et al. [9], Park et al. [12], and Mukwaya et al. [13], between the
maximum intensity in arbitrary units of the 002 lattice diffraction (2θ = 22–24º) and
the minimum intensity of diffraction, in the same units, between lattices (101) and
(002) peak (2θ = 16–19º) representing amorphous material in cellulose nanofiber.

Figure 3 presents X-ray diffraction for obtained cellulose nanofiber.
As shown by Pääkkö et al. [14], hydrolysis mechanisms using strong acids remove

amorphous regions, which increase the frequency of crystalline regions. Thus, the
crystallinity index will always be higher for CNC than for CNF, although that deter-
mined for the CNF obtained in this study (84.4%) was higher than those obtained by
traditional methods (78–81%).

It is assumed that materials with higher crystallinity indices are more resistant
to thermal degradation, which would contribute to diversify the application of the
obtained cellulose nanofibers, since the amorphous regions of cellulose are more
susceptible to heat action and have lower thermal stability, when compared to the
crystalline regions [15–17].

Scanning Electron Microscopy (SEM)

Figure 4 shows micrographs of surface of treated fibers showing its flat ribbon-like
conformation.

As can be observed, a nanofibrillated cellulose (CNF)was formed,with an average
width of 10–14 μm, a length of 60–100 μm, and a nanometric thickness (Fig. 4c).
Nanofibrillated cellulose (Fig. 4b) is presented as a nanonetwork. This CNF network
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Fig. 4 SEM images of obtained CNF

is formed due to the entanglement of these nanofibrils since their active binding sites
are exposed [18].

Thermal Analysis

Figure 5 shows the results to thermogravimetric analysis (TG/DTG). It is important to
note that cellulose nanofibers degrade completely only near 340 °C. This temperature
is close to those found for CNC in the literature [19, 20].

It can be observed that the initial degradation temperature of the CNF obtained
(280 °C) is close to that of CNC (280–290 °C) andmuch higher than that of traditional
CNF (240–250 °C) [19].

Thermal stability is essential for nanocelluloses to be used as an effective rein-
forcing material, as the processing temperature of thermoplastic polymers is above
180 °C, and their thermomechanical behavior should be evaluated [20].
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Fig. 5 Thermal analysis (TG, DTG and DTA) of obtained cellulose nanofiber

Conclusions

This research, with a yield close to 42%, shows a method with nitric acid to produce
cellulose nanofibers (CNF) with good crystallinity (84.4%) and thermal stability
above 280 °C.

This process can add real value to waste wood in the world. Construction and fur-
niture industries discard large quantities of wood, which are often used to be burned
in boilers. Future studies could improve this process and reinforce the application of
cellulose nanofibers as a reinforcing material in polymers and concrete.
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Analysis of β´ (Cu4Ti) Precipitation
During Isothermal Aging
of a Cu–4 wt%Ti Alloy

Victor M. Lopez-Hirata, Felipe Hernandez-Santiago,
Maribel L. Saucedo-Muñoz, Erika O. Avila-Davila
and Jose D. Villegas-Cardenas

Abstract This work analyzed experimentally and numerically the growth kinetics
of β ′ precipitation of a Cu–4 wt%Ti alloy after aging at 400, 500, and 600 °C
for times from 0.0166 to 200 h. Results indicated that the precipitation process is
almost controlled by nucleation and growth during aging at 400 °C, originating a slow
growth kinetics of precipitation. In contrast, the coarsening of precipitates dominates
the precipitation process during aging at 500 and 600 °C. The interfacial energy of
interface between the α matrix phase and β ′ precipitates was determined to be about
0.1135, 0.0980, and 0.0725 Jm−2 for aging at 400, 500, and 600 °C, respectively.
These values suggest a coherent interface, which is in agreement with the flat faces of
β ′ cuboid precipitates. Calculated Time–Temperature–Precipitation diagram for the
β ′ precipitation indicated good agreement with experimental results. Precipitation
hardening was higher for the slower growth kinetics of precipitation.

Keywords Cu–Ti alloy · β ′ precipitation · Kinetics · Numerical analysis ·
Thermo-Calc

Introduction

Cu–Ti alloys are prone to have precipitation hardening after isothermal aging for
alloy compositions of about 1–5 wt%Ti [1–3]. Age-hardenable Cu–Ti alloys have
high tensile strength and good formability, and they are used as connector materials
in electronic and electrical components [4]; nevertheless, its conductivity is less than
the half of that corresponding to Cu–Be alloys. Therefore, the application of Cu–Ti
alloys has been focused onmechanical properties. In order to obtain goodmechanical
properties, Cu–Ti alloys are solution treated above 800 °C and then quenched, and the
aging process is carried out at temperatures of 400–500 °C. As a result of aging, the
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fcc Cu-rich supersaturated solid solution decomposes spinodally to form a disordered
fcc Ti-rich phase and then becomes order to form the metastable tetragonal β ′ Cu4Ti
phase which is responsible for the good mechanical properties of these alloys [1,
5, 6]. After prolonged aging, the cellular precipitation of the stable orthorhombic β

Cu4Ti phase takes place by nucleation and growth on grain boundaries which is the
main cause for the decrease in the mechanical strength in the later stage of aging [1].
The mechanical strength of Cu–Ti alloys has been improved either by the addition of
a third alloying element such as chromium, zirconium, carbon, nitrogen, or hydrogen
[7–10] or by using cold work previously to the aging treatment [11]. In the former
case, the precipitation sequence was similar to that observed in the binary alloy;
however, the presence of a different precipitates such as titanium chromide, nitride,
carbide, or hydride was also reported to occur during aging [9]. In the latter case, the
cold work, used after solution treatment and quenching, has been reported [11] to
promote the precipitation of titanium on dislocations and to inhibit the precipitation
of the β ′ Cu4Ti and β Cu4Ti phases during aging.

Recently, TC-PRISMAsoftware has beenused to analyze the precipitationprocess
of different aged alloys [12]. This software is based on the solution of the Langer–
Schwartz (LS) and modified LS (MLS) theories and the Kampmann and Wagner
numerical model (N model) [13], and it has been used to analyze the precipitation
kinetics of different phases during aging in steels and nonferrous alloys [14].

This software permits, for example, to determine the size, distribution size, density
number, and composition of precipitated phases, as well as the Time–Temperature–
Precipitation (TTP) diagram in multiparticles, multiphases, and multicomponents
alloy systems. Besides, the nucleation site can be selected among grain boundaries,
bulk, and dislocations. Thus, the use of Thermo-Calc PRISMA would be a good
alternative to complement the precipitation analysis of β ′ phase in the aged Cu–Ti
alloys.

Thus, the purpose of this work is to study experimentally and numerically the
growth kinetics of β ′ phase precipitation in an isothermally aged Cu–4 wt%Ti alloy
in order to obtain the Time–Temperature–Precipitation (TTP) diagrams, as well as
the determination of the interfacial energy between the α matrix and β ′ precipitates.

Experimental Procedure

ACu–4wt%Ti alloywasmeltedwith an electric furnace using 99.99%purity titanium
and 99.999% purity copper in an alumina crucible under an argon gas atmosphere.
The alloy ingot was homogenized at 950 °C for one week and subsequently cold
rolled to obtain plate specimens of about 30 × 10 × 5 mm. These specimens were
encapsulated in air-evacuated and Ar gas filled quartz tube and then solution treated
at 900 °C for 1 h in an electrical resistance furnace, and subsequently quenched in
ice-water in order to obtain solution treated specimens. These specimens were aged
at temperatures of 400, 500, and 600 °C for times up to 200 h. The Transmission
Electron Microscope (TEM) disc specimens of approximately 3 mm were thinned
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using the twin-jet electropolishing technique in a solution of 75 vol.% methanol and
25 vol.% nitric acid at −60 °C. TEM specimens were mounted on a Be-specimen
holder and observed with a TEM JEM-2000FX-II at 200 kV, equipped with a Noran
EDXS.

Numerical Procedure

Thermo-Calc software was used to analyze the stability of phases and the coars-
ening constant and interfacial energy γ between matrix and precipitates. Likewise,
the analysis of precipitation was pursued in the aged Cu−4 wt%Ti alloy employ-
ing the Thermo-Calc (TC) PRISMA software. The kinetic and thermodynamic data
was determined from the Thermo-Calc databases for CUDEMO and MCUDEMO
[12]. A homogeneous nucleation was assumed for the precipitation simulation in
the austenite matrix, named bulk nucleation in TC-PRISMA. The precipitate shape
was considered to be cuboid considering a cube elastic-strain energy for the α phase
matrix and precipitate with the following elastic constants: C11 = 168.4 GPa, C12 =
121.4 GPa, and C44 = 75.4 GPa.

Results and Discussion

Temporal Evolution of Precipitation

The temporal evolution of precipitation of β ′ phase in the Cu-rich α phase matrix is
illustrated in the Bright-Field (BF) Transmission Electron Micrographs correspond-
ing to the Cu–4 wt%Ti alloy aged at 400 °C for different times, as shown in Fig. 1,
respectively. The β ′ precipitates have a cuboid morphology, and they are aligned
on the <100> direction of the α phase matrix for all aging temperatures because of
its low value of elastic-strain energy [13, 15]. As aging progresses, the morphol-
ogy changes to plates, also aligned with respect to the matrix phase. The electron
diffraction pattern, shown in Fig. 1c, indicates clearly the presence of super-reflection
spots between those corresponding to the matrix phase, which confirms that the β ′
phase has a Cu4Ti crystalline structure. Table 1 shows the average equivalent radius
determined for the β ′ precipitates after aging at 400, 500, and 600 °C for different
times. An increase in precipitate radius can be noted with aging time and tempera-
ture. The discontinuous or cellular precipitation of the β ′ phase can be noted clearly
for the alloy specimen aged at 600 °C, Fig. 1d. This type of precipitation was also
observed to be present after aging at 400, 500, and 600 °C for 100, 0.5, and 0.166 h,
respectively.
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Fig. 1 BF-TEM micrographs of Cu–4 wt%Ti alloy aged at 400 °C for a 5 h and b 25 h include its
corresponding electron diffraction pattern, c 100 h and d 200 h

Table 1 Variation of
precipitate equivalent radius
with time for aging at 400,
500, and 600 °C

Time (h) Radius (nm)

400 °C 500 °C 600 °C

0.166 – 13.3 14.1

0.5 – 21.4 18.8

1 9.2 22.06 26.6

5 16.3 26.8 –

25 18.6 – –

75 19.2 – –

100 19.8 – –

150 20.5 – –

200 22.2 – –
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Thermo-Calc Analysis of Precipitation

The Thermo-Calc calculated amount of all phases versus temperature is shown in
Fig. 2. This plot indicates clearly that the α and β ′ phases are present at temperatures
between 500 and 840 °C. This figure also suggests that the precipitation reaction:

αsss → α + β ′ (1)

It may occur after aging at those temperatures. The volume fraction of β ′
precipitates increases with the decrease in temperature.

Table 2 shows the Thermo-Calc calculated values of interfacial energy for the
interface of α matrix and β ′ precipitate. This value decreases with the increase in
temperatures, as expected in the case of free energy due to the increase in entropy [12].
The magnitude order, 0.03 Jm−2, suggests a coherent interface [15]. This table also
indicates the values of coarsening constant k for 400, 500, and600 °C.Unsurprisingly,
this parameter increases with temperature because of the increase in atomic diffusion
[12].

Fig. 2 Thermo-Calc calculated plot of amount of all phases versus temperature
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Table 2 Thermo-Calc
calculated interfacial energy
between precipitate and
matrix and coarsening
constant, and experimental
interfacial energy for aging
temperatures

T (°C) Thermo-Calc Experimental

γ (J m−2) k (m3 s−1) γ (J m−2)

400 0.0339 1.1041 ×
10−31

0.1135

500 0.0325 2.2334 ×
10−29

0.0980

600 0.0309 1.2776 ×
10−27

0.0725

Thermo-Calc PRISMA Analysis of Precipitation

The experimental and calculated variation of equivalent radius forβ ′ precipitateswith
time are shown in Fig. 3a–c for the Cu–4 wt%Ti alloy aged at 400, 500, and 600 °C.

Fig. 3 TC-PRISMA calculated plot of mean radius of β ′ precipitate versus time for Cu–4 wt%Ti
alloy aged at a 400 °C, b 500 °C, and c 600 °C
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Fig. 4 TC-PRISMAcalculated plot of number density ofβ ′ precipitate versus time for Cu–4wt%Ti
alloy aged at 600 °C

The continuous line and triangle points correspond to the calculated and experimental
values, respectively. This plot shows clearly three characteristic stages: a continuous
and slow increase in precipitate radius for short aging times, Fig. 3a, because of the
rise of nucleation rate with time. The number density of precipitates also increases
with aging time, as shown in Fig. 4. Then, the radius increases more rapidly after
1 h of aging time, following a parabolic law of t1/2 which can be attributable to
the growth stage. The nucleation rate subsequently becomes zero because either the
solute supersaturation turns into zero or all nucleation sites are used [12]. As a result
of this, the number density and the precipitate radius remain constant, as shown in
Figs. 3a and 4, respectively.As aging progresses, the number density starts decreasing
with time, following a t−1 power law, and the growth kinetics of precipitate radius
with time follows a slope of 1/3, t1/3. That is, the growth kinetics corresponds to
the coarsening stage of precipitates, and it follows the Lifshitz–Slyozov–Wagner
theory for diffusion-controlled theory [12]. According to the previously mentioned
explanation, most of the experimental points for the growth kinetics of precipitates at
400 °C are located in the nucleation and growth stage, while the experimental points
at 500 and 600 °C correspond to the coarsening stage. It is important to mention that
the interfacial free energy γ was changed in order to find the best fit of experimental
values with the calculated curves. They are shown in Table 2 and decrease as aging
temperature increases. These values are higher than the Thermo-Calc determined
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Fig. 5 TC-PRISMA calculated TTP diagram

ones. Nevertheless, these values show a good agreement with the values of 0.1–0.2 J
m−2 reported for coherent β ′ precipitates in the literature [12, 15]. These low values
suggest that the interface between matrix and precipitates should be coherent [15],
which is in agreement with the cuboid morphology of β ′ precipitates, as shown in
Fig. 1.

The TC-PRISMA calculated Time–Temperature–Precipitation (TTP) diagram of
the Cu–4 wt%Ti alloy is shown in Fig. 5. This was calculated using an average value
of 0.0946 Jm−2 determined from the experimental ones shown in Table 2. This figure
shows that the fastest precipitation kinetics corresponds to an aging at about 500 °C
for 0.01 h. This figure also includes the TEM micrographs for the alloy specimens
aged at 400 °C for 5 h, and 500 and 600 °C for 0.166 and 1 h. These TEM images
suggests that the start of β ′ precipitation is very similar for aging at 500 and 600 °C
which is in good agreement with the growth kinetics of precipitation shown in the
calculated TTP diagram. Nevertheless, the growth kinetics of precipitation at 400 °C
is much faster than that detected experimentally, Fig. 1. This can be attributable to the
constant value of interfacial energy, 0.0946 J m−2, used for the present calculation.
That is, the energy value should be higher at 400 °C, which might cause a higher
activation energy for nucleation, and consequently, the nucleation rate would be
expected to be slower [12] than that of the TTP diagram.
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Fig. 6 Aging curves of Cu–4 wt%Ti alloy aged at 400, 500, and 600 °C

Aging Curves

Figure 6 shows the aging curves, plot of hardness as a function of aging time, for the
Cu–4 wt%Ti alloy aged at 400, 500, and 600 °C. The aging curves corresponding to
500 and 600 °C show an increase in hardness; then, the hardness peak is reached, and
finally, this decreases as a result of the discontinuous precipitation and coarsening
process of precipitates. In contrast, aging at 400 °C presents a slow increase in
hardness and the hardness peak, 370 VHN, is obtained after aging for 200 h, not
shown in Fig. 6. The highest and lowest hardness peaks correspond to the alloy
specimens aged at 400 and 600 °C. The hardness peaks of aging at 500 and 600 °C
were reached more rapidly than that at 400 °C which agrees very well with the faster
growth kinetics of precipitation, as shown in the calculated TTP diagram.

Conclusions

The numerical and experimental analysis of β ′ precipitation during aging at 400,
500, and 600 °C permitted to state the following conclusions:

1. The numerical analysis of precipitation indicated that the nucleation and growth
stage is dominant during aging at 400 °C, while the precipitation during aging at
500 and 600 °C is mainly controlled by the coarsening stage.
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2. The interfacial energy between matrix and precipitates was determined to be
about 0.1135, 0.0980, and 0.0725 J m−2 for aging at 400, 500, and 600 °C,
respectively, which is in agreement with the coherent interface of cuboid β ′
precipitates.

3. Calculated TTP diagram showed a good concordance with the experimental
results. The slowest growth kinetics at 400 °C promoted the highest precipitation
hardening, while the fastest kinetics causes the lowest hardness.
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Analysis of Nanoscale Iron Oxide
Morphology

Tianhao Sun, Suju Hao, Wufeng Jiang and Yuzhu Zhang

Abstract Two different forms of nano-scale Fe2O3 were prepared by the hydrother-
mal method using Fe(NO3)3·9H2O as the starting material, ethylenediamine and
ethylene glycol methyl ether as surfactants. The structure, surface morphology, and
composition of nano-scale Fe2O3 samples were analyzed by XRD and SEM/EDS.
The results show that the sample has two forms, one nano-Fe2O3 form is rod-shaped,
and the rod-like structure is hexagonal columnar, the particles are closely arranged in
disorder; the other nano-Fe2O3 is spherical, and there are clusters between particles.
The formation mechanism of the nano-oxidized iron was analyzed.

Keywords Fe2O3 · Hydrothermal method · Nanometer material

Introduction

Nano-iron oxide has good light resistance, magnetic resistance and good absorption
and shielding effect on ultraviolet light. It can be widely used in flash paints, inks,
plastics, leather, automotive topcoats, electronics, high magnetic recording materi-
als, magnetic fluids, catalysts. And biomedical processes. At present, the commonly
used methods for preparing nano-iron oxide can be generally divided into a dry
method and a wet method. Wet methods include forced hydrolysis, gel-sol method
[1], chemical vapor deposition [2], hydrothermal method [3], precipitation method
[4], microemulsion method [5], colloidal chemical method [6] Etc. Dry method
includes vapor deposition [7], flame thermal decomposition [8], microwave method
[9], laser thermal decomposition method, and the like. The wet method has the char-
acteristics of easy availability of raw materials and can be directly used (only need
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to be properly purified), easy to operate, and controllable particles, so it is gener-
ally valued, especially in industrial production; dry method has short process flow,
operating environment Well, the product quality is high, the particles are ultra-fine,
uniform, and well dispersed, but the technical difficulty is high, and the structure and
material requirements of the equipment are high. This paper uses the hydrothermal
method for research.

Experimental

Preparation of Nanometer Iron Oxide

Configure 90 ml water and ethanol mixture system (volume ratio is 1:1), weigh 4 g
Fe(NO3)3·9H2O, dissolve it in water and ethanol mixture, stir for 5 min, when the
stirring is about to be completed 10 ml of ethylenediamine was added dropwise
to the reaction solution, and a brownish yellow precipitate was rapidly formed in
the system. The mixed solution after the completion of the reaction was transferred
to a 120 ml polytetrafluoroethylene-lined autoclave, and solvothermally reacted in
a constant temperature oven at 180 °C for 4 h. After naturally cooling to room
temperature, the sample was washed three times with deionized water and absolute
ethanol, suction filtered, and the resulting sample was placed in an oven at 60 °C for
6 h.

In the same way, 90 ml of deionized water was added, 10 ml of ethylene glycol
methyl ether and 2.5 g of Fe(NO3)3·9H2O were added, stirred for 30 min, and then
2.5 g of urea was added and stirred for 30 min. After the completion of the stirring,
the solution was transferred to an autoclave and solvothermally reacted in a constant
temperature oven at 180 °C for 12 h. After naturally cooling to room temperature, the
sample was washed three times with deionized water and absolute ethanol, suction
filtered, and the resulting sample was placed in an oven at 60 °C for 6 h.

Sample Characterization

The image of the sample was determined by the X-ray diffractometer (Model:
D/MAX2500PC03030502) of the Japanese Society of Science and Technology. The
instrument uses a graphite crystal as amonochromator and aCuKa raywith a scanning
range of 10–90°. The morphology of the sample was studied by a focused ion beam
field emission scanning electron microscope (Model: Scios03040702) manufactured
by FEI Czech Ltd.
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Experimental Results and Analysis

SEM Characterization

Figure 1 is the SEM image of a sample prepared when the surfactant is ethylene-
diamine. It can be seen from Fig. 1 that the sample prepared by the reaction is a
single-crystal rod-like structure, the size distribution of the nanorods is relatively
uniform, and the rod ends are curved and curved. Further observations revealed that
the prepared samples were approximately 500–600 nm and 50–60 nm in length and
width, respectively. The arrow in Fig. 1b points to the bottom surface of the nano-iron
oxide particles. It can be clearly seen from the figure that the shape of the bottom
surface is hexagonal, and it can be inferred that the rod-like structure is hexagonal
prism. The reason for the hexagonal prism shape may be that ethylenediamine pro-
vides an adsorption ligand for iron ions, and iron ion adsorption mainly occurs on
the hexagonal side of the crystal. Liu et al. found the same phenomenon on ZnO
nanorods [10]. This proves that the addition of ethylenediamine to the ethanol and
water system can be directly reacted to obtain rod-shaped nano-iron oxide, instead
of being obtained by calcining the precursor α-FeOOH.

Figure 2 is the SEM image of a sample prepared when the surfactant is ethylene
glycol methyl ether. It can be clearly seen from the figure that the nano-iron oxide
particles have a spherical shape, the particle size is relatively uniform, the arrange-
ment is relatively tight, and there is slight adhesion between the particles, and the
particle diameter is about 50–60 Nano.

Fig. 1 SEM image of nanometer iron oxide
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Fig. 2 SEM image of the
sample under the influence of
ethylene glycol methyl ether

XRD Analysis

Figure 3 is the X-ray diffraction spectrum of a nano-iron oxide sample. It can
be concluded from the figure that the experimental iron oxide sample is trigonal α-
Fe2O3, which clearly shows (012), (104), (110), (113), (024), (116). And (214) (300)
and other main surface diffraction peaks of Fe2O3, the X-ray diffraction spectrum of
the sample is consistent with the standard spectrum, indicating that the crystallization
performance of the sample is very good, and there are no other redundant peaks
(such as FeOOH) in the diffraction peak. It is proved that the sample prepared by the
experiment has high purity.

Fig. 3 X-ray diffraction spectrum of iron oxide sample
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Fig. 4 Sample EDS under the influence of ethylene glycol methyl ether

Fig. 5 Sample EDS under the influence of ethylenediamine

EDS Analysis

Figures 4 and 5 are the EDS samples under the influence of EDS and ethylenediamine
under the influence of ethylene glycol methyl ether. It can be clearly seen from the
figure that there are obvious Fe and O peaks, and there are no other peaks. The
conclusion of the sample XRD analysis.

Formation Mechanism

The hydrothermal method is to crystallize the hydroxide in a solution environment
under a certain pressure to obtain a fully grown nanocrystal. In the process, since
the liquid resistance is small, the crystal grains are formed under a non-compressed
state, and the growth unit can be freely Move, connect to form a crystal nucleus and
grow up. The reaction of hydrothermal preparation of nanometer iron oxide is as
follows

Fe3+ + OH− → Fe(OH)3 ↓
Fe(OH)3 → FeOOH + H2O

FeOOH → Fe2O3 + H2O
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Conclusion

In this paper, two kinds of nano-sized iron oxides were prepared by the hydrothermal
method using Fe(NO3)3·9H2O as the starting materials, which are spherical nano-
iron oxides of spherical nano-iron oxide. The rod-shaped nano iron oxide can be
synthesized in one step by adding ethylenediamine in a mixed solvent of ethanol and
water.

Funding National Natural Science Foundation of China (No. 51274084), Hebei Natural Science
Foundation (E2018209323, E2017209231), and Project of North China University of Science and
Technology GP201507.
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Analysis of the Effect of Marine Salinity
in Durability of Red Ceramics Calcinated
in Different Temperature
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and G. C. G. Delaqua

Abstract In the Brazilian coast, the ceramic materials are affected by saline expo-
sures, which cause losses of properties. This work evaluated the alteration that the
materials undergo when exposed to the marine environment. Prismatic specimens
were molded by the extrusion process and then calcined at different temperatures.
After burning, the chemical attack was carried out by immersion cycles using syn-
thetic sea water and the effects on the mechanical resistance and the water absorption
were verified. In the absorption of water, the marine salinity interfered in a super-
ficial way. In the mechanical resistance, salinity interfered in a significant way, but
not enough to cause problems as far as the normative limits. Finally, it was verified
that the crystalline phases identified at all the burning temperatures studied were the
same for the intact samples and for the immersion cycles, except for halite (NaCl),
from synthetic sea water.
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Introduction

Most of the Brazilian population is located in the coastal region, which determines
the strong presence of buildings in these areas [1, 2]. Due to this, there is a constant
iteration between the marine environment and the main Brazilian urban buildings.
The durability of ceramic materials is directly affected by saline haze, a natural
phenomenon that occurs in coastal regions and which winds down from coastal
areas to remote areas, with sea salt being the main reason for the degradation of
building materials used in these environments [3].

Among the various salts that contribute to the salinity of seawater, the two that
cause major durability problems in building materials are chlorides and sulfates [4,
5]. Studies show that the average distribution of chlorides in seawater is around
55%, while sulfate salts are around 7.5% [6]. Knowledge of this salt distribution
is important to produce the saline solution that will be used to attack the samples
produced in this research, since it aims to replicate the salt attack in ceramicmaterials.

Sulfates can cause adverse reactions in building materials by producing an expan-
sive gel known as Candlot salt, which is more common in cementitious components,
and can cause cracking that causes the material structure to break. Chlorides may
react with iron, aluminum, and calcium-based compounds, which may form chloroa-
luminates, causing increased porosity and consequently decreasing concrete strength
[7, 8].

The salinity of seawater can enter the ceramic materials in various ways, through
rain, through the action of saline fog coming from the sea and also when the mate-
rial is in direct contact with the soil [6]. Salt transport mechanisms are absorption,
migration, diffusion, and permeation. Absorption is a fluid transport mechanism that
occurs through the capillary pores due to the surface tension of the liquid [9]. In this
mechanism, the chlorides in the liquid medium penetrates the material. Crauss [9]
explains that the entrance of chlorides in the material depends on the characteristics
of the liquid, such as density, viscosity, and surface tension. In materials already
saturated absorption does not occur; For this to occur, the pores must be totally or
partially dry. This type of mechanism occurs when the material is susceptible to
wetting and drying cycles.

Regarding migration, this mechanism occurs due to the movement of substances
with electric charges present inside the solution, caused by the application of a
difference of electric potential [10]. The mechanism of chloride ion migration is an
electrolytic process governed by the conductivity of the pore solution, and depends
on the concentration of the various ions present in the solution. The most active ions
in the conductive process are Na+, K+, Ca2+ , and OH−. The conductivity of Na+ and
K+ ions is lower than the conductivity of chloride ions. The participation of Ca2+ ion
is quite reduced, since its concentration in the pore solution is very small. Regarding
the OH−ion, its conductivity is high when compared to other ions [9].

Diffusion is a transport mechanism that can be defined as the mass movement
that happens from a high concentration area to a low concentration area, due to a
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concentration gradient or due to the chemical potential difference resulting from the
displacement of the salt into the materials [10].

Chloride penetration by diffusion occurs in the material-filled pore network. Pen-
etration does not require water movement, but an ion concentration gradient between
the interior and the surface of the material. The chloride transport through the per-
meation mechanism occurs when the solution reaches the entire porous structure
of materials, but only in materials already saturated. In this mechanism, the solu-
tion is transported due to the pressure difference. Cruz [10] states that permeation is
considered only in structures that are subjected to high hydrostatic pressure.

In this context, the objective of this work is to evaluate the durability of calcined
red ceramic materials at different temperatures subjected to the attack of saline sea-
water, and their influence on the mechanical strength and water absorption of these
materials.

Materials and Methods

For the analysis, a ceramic mass from Campos dos Goytacazes, RJ was used. This
materials has been studied in previous work [11–15] in ceramic and cementitious
materials and presents good technological parameters when used in red ceramics.
The characterization of the ceramic mass is presented through Fig. 1, which shows
the particle size distribution, and Fig. 2, which presents the mineralogical analysis.
Figure 3 shows the thermal analysis and Table 1 shows the chemical composition of
the studied mass. The specimens were produced by the extrusion process and burned
in an oven model Ricardo A900 at temperatures of 600, 800, 950 and 1050 °C.

Fig. 1 Particle size distribution of the studied mass
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Fig. 2 Mineralogical analysis of the studied mass

Fig. 3 Thermal analysis of the studied mass

The specimens produced were tested for the technological parameters of water
absorption according to NBR 15270-2: 2018 [16], and for the three-point flexural
strength using an EMICDL-30 universal speed tester. Load rating of 1mm/min, with
a capacity of 30 kN, following the recommendations of the same standard.

The specimens were changed in the laboratory following a wetting and drying
procedure for a total of 150 24-h cycles, where in 12 h, the samples were immersed
in saline prepared for the test and in the other 12 h, the specimens were exposed
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Table 1 Chemical analysis
of the studied mass

Oxide Mass (%)

SiO2 43.83

Al2O3 36.85

Fe2O3 11.46

K2O 2.73

TiO2 1.95

CaO 0.82

to the sun, simulating environmental conditions. The saline solution was produced
using distilled water and using chlorides and sulfates in 55 and 7.5% concentration,
respectively. These valueswere chosen to simulate the concentrations of the twomost
aggressive salts to the building materials. The trial lasted five months, corresponding
to 3600 h. The volume of solution used was at least four times the volume of the
samples used. The pH of the used solution was controlled by maintaining a value of
approximately 7,measuredusing aWTW-ProfilineOXI3205portable concentration
meter. After the specimenswere changed, water absorption and flexural strength tests
were performed.Three points in order to compare with the values obtained by the
unchanged samples.

Finally, a mineralogical analysis of the samples burned at 1050 °C, both altered
and intact, was performed to verify the formation of new compounds in the material.

Results

Figure 4 presents the results obtained for water absorption in specimens burned
at different temperatures for unchanged and degraded samples. The same pattern of
resultswas observed for both intact anddegraded samples:water absorption increased
as the firing temperature increased, except for the 1050 °Cwhere therewas a large fall
of this property. This pattern can be attributed to the reaction that occurs in kaolinitic
clays around 1000 °C (as can be seen in Fig. 3), where kaolinitic undergoes a phase
transformation and becomes mainly mullite [17, 18] (as can be seen from Figs. 6
and 7). This mineral, besides being highly resistant, has a structure that substantially
reduces the porosity of the material, reducing water absorption.

Regarding water absorption levels, intact masses show values above 20% absorp-
tion in almost all temperatures, except 1050 °C. On the other hand, degraded samples
showed a reduction in water absorption when compared to intact specimens at tem-
peratures of 600, 800, and 950 °C. This indicates that salts from the saline used
in the degradation tests penetrated the material surface by the penetration mecha-
nisms described in the introduction and caused capillary pore shielding, reducing
water absorption in the degraded masses. Therefore, in this view, saline degradation
positively affects the material.
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Fig. 4 Water absorption for the studied specimens

Fig. 5 Flexural strength for the studied specimens

This pattern does not occur with samples burned at 1050 °C, due to the trans-
formation of kaolinite into mullite that occurs around 1000 °C. At this temperature,
the degraded samples showed higher water absorption than intact samples, since the
formation of the mullite made it impossible to penetrate the solution salts into the
internal structure of the samples.
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Fig. 6 Mineralogical analysis of uncharged samples

Figure 5 presents the results obtained for flexural strength in specimens burned
at different temperatures for unchanged and degraded samples. Except for the tem-
perature of 950 °C in which there was equivalence, all degraded samples presented
resistance decrease when degraded in saline solution. In addition, it was found that
the effect of the temperature increase was beneficial as expected. However, it is
noteworthy that there was a significant jump in the resistances obtained at the tem-
perature of 1050 °C, which again shows the fact that kaolinite turned into mullite
around the temperature of 1000 °C. Regarding the minimum values, Santos [19, 20]
recommends that the minimum resistance should be approximately 6.5 MPa. From
this point of view, the only viable temperatures are at 950 and 1050 °C for both intact
and degraded samples.

Figures 6 and 7 show the results obtained for mineralogical analysis of samples
burned at 1050 °C without degradation tests and submitted to saline attack, respec-
tively. The material under analysis was taken from the inside of the samples to verify
the penetration of salts within the material. It was found that in the samples subjected
to degradation (Fig. 7), there were peaks of halite, the typical chloridemineral, show-
ing the penetration of this material in the samples. In addition, both figures showed
the presence of mullite peaks, which proves the transformation of kaolinite (present
in the peaks of Fig. 2 that presents the mineralogical analysis of the clayey mass
studied), and validates the discussions made in the previous paragraphs.
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Fig. 7 Mineralogical
analysis of degradation
samples

Conclusion

Samples burned at temperatures of 600, 800, and 950 °C showed reduced sea water
absorption when submitted to durability tests, indicating that the penetration of salts
occurred inside the material structure, creating a barrier for water penetration. At
1050 °C, however, there was a sharp reduction in water absorption values due to
the transformation of kaolinite into mullite. The mullite prevented the penetration
of salts inside the samples and, therefore, the degraded specimens showed increased
absorption values. The ceramic products that complied with the Brazilian normative
valueswere the samples burned at 1050 °C (intact and degraded), since they presented
water absorption below 20%. Other burning temperatures are not feasible.

Mechanical resistance gain was verified as the temperature increase occurred. It
was possible to identify a jump in the resistance value obtained at a temperature of
1050 °C due to the formation of the mullite phase. Regarding the viability, it was
found that the masses burned at 950 and 1050 °C presented resistance higher than
6.50 MPa, both intact and degraded, and as a result are feasible to be used.

The ceramic mass showed kaolinite peaks, not detected in the analysis of samples
burned at 1050 °C, indicating the transformation of this clay mineral into mullite,
as it is also possible to be identified in the thermal analysis. The mullite acted as a
barrier to chloride entrance, although halite peaks were detected in the analysis of the
degraded material, demonstrating that even in smaller quantities, the salts penetrated
the material internal structure.

The samples burned at 1050 °C are possible to be used in harsh marine environ-
ments, and that the lower temperature masses are not viable because they presented
problems regarding water absorption, mechanical resistance, and temperature no
formation of mullite, which acts as a barrier to the entrance of chlorides in the
material.
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Application of Nanoparticles of ZnO
and ZnO-Doped-Ag in Polymeric Blend
of HMSPP/SEBS for Biocide Activity

Luiz Gustavo Hiroki Komatsu, Washington Luiz Oliani,
Camila Basseti Oliveira, Vijaya Kumar Rangari
and Duclerc Fernandes Parra

Abstract In this study, the nanoparticles of Zinc oxide (ZnO) and Zinc oxide doped
with Silver (ZnO/Ag) were synthesized in laboratory. The incorporation of these
nanoparticles in the blendof highmelt strength polypropylene (HMSPP) and styrene–
ethylene/butadiene–styrene (SEBS) was carried by melt processing. The obtained
materials were evaluated by X-ray diffraction (XRD), Raman Spectroscopy, Differ-
ential Scanning Calorimetry (DSC), biocidal tests against the bacteria Escherichia
coli and Staphylococcus aureus. The nanoparticles showed size between 150 and
200 nm and spherical form. HMSPP/SEBS/AgNPs/ZnO films incorporated with the
nanoparticles have demonstrated biocidal effect against the bacteria E. coli and S.
aureus when irradiated at 12.5 kGy.

Introduction

Metals and metal oxides have been well-known antimicrobial agents for a very long
time [1].Among themany types of antimicrobialmetal andmetal oxide nanoparticles,
including silver, gold, TiO2 nanoparticles [2], ZnO nanoparticles are a well-known
and very prominent antimicrobial metal oxide because of their interesting properties
[3].

Antimicrobial pack is a type of active packaging which interacts with the product
environment to reduce, inhibit, or retard the growth of microorganisms that may be
on food surfaces [4].

The bactericidal properties of ZnO nanoparticles are due to electrostatic inter-
action between the nanoparticles and the cell surface, and increasing association
with the nanoparticles results in enhance of cell damage. The toxic effect of ZnO
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nanoparticles towards the pathogenic species depends on prolonged contact between
the bacterium cell membrane and the nanoparticles. The bacterium and fungal lipid
bilayer get ruptured due to the cytotoxic behavior of ZnO nanoparticles resulting in
the drainage of the cytoplasmic contents [5].

In general, there are different approaches to incorporate the antimicrobial agents
into a food packaging. Nevertheless, the procedure can possibly raise a crucial prob-
lem because the fabricated composites would perform lower or none antimicrobial
activity. One of the possible reasons for these unfavorable characteristic is that a
majority of the incorporated antimicrobial agents are totally trapped inside the com-
posite matrixes, so they cannot be released or leached out to provide antibacterial
properties [6, 7].

Following that comments on the incorporation process of the antimicrobial agents,
the aimof thiswork is on the processability and themicrobial efficiency, following the
JIZ 2801 standard, of the blend of high melt strength polypropylene (HMSPP) and
styrene–ethylene/butadiene–styrene (SEBS) incorporation of antimicrobial agent:
zinc oxide (ZnO) and zinc oxide doped with nano silver (ZnO/Ag).

Experimental Procedure

Synthesis of ZnO and ZnO-Doped-Ag-Powder

The solution of 0.5 M Zn(NO3)2 · H2O was added to the solution of 1 M of NaOH
drop by drop under constant stirring using the Mili-Q water as solvent. After, the
solution of NaOH was heated to the temperature of 75 °C. The suspension was dried
and washed, according to the literature [8].

For dopping the ZnO with silver (Ag), the solution of silver nitrate AgNO3 was
heated at boiling point, and the sodium citrate was added as reductant agent. After
resting 15 min, the PVP (poly-vynilpirrolidone) was incorporated to the solution
as core-shell agent followed by addition of 1 g of synthesized ZnO, according to
adaptation of the literature [9].

Melt Processing of the Samples

For the blend of HMSPP/SEBS, a sample of isotactic polypropylene (H603—
Braskem) was placed in plastic container and irradiated (60Co) in acetylene atmo-
sphere in order to obtain the HMSPP [10]. A sample of SEBS (KRATON—G1633)
was mixed with paraffinic oil form Nynas (Nyflex 3030), antioxidant IRGANOX
1010 from BASF and PP-graft-MA from Additivant. HMSPP/SEBS blend in pro-
portion of (75/25), respectively, was processed in a Single ScrewExtruder—Thermo-
Haake Polymer Lab., at temperature range of 160–210 °C. The extruded materials in
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pellets were mixed in concentrations of 0.3 wt%; 1 wt% of ZnO and 0.3 wt%; 1 wt%
of ZnO/Ag.

Differential Scanning Calorimetry

Thermal properties of specimens were analyzed using a differential scanning
calorimeter (DSC) 822, Mettler Toledo. The enthalpy behavior of the films was
obtained under: (1) heating from 25 to 280 °C at a heating rate of 10 °C min−1 under
nitrogen atmosphere, (2) holding for 5 min at 280 °C, (3) then cooling to 25 °C, and
reheating to 280 at 10 °C min−1, according to ASTM D 3418-08. The crystallinity
was calculated according to the equation:

XC = P × �Hf × 100

�H0

where �Hf is melting enthalpy of the sample, �H0 is melting enthalpy of the 100%
crystalline PP which is assumed to be 209 kJ kg−1.

X-Ray Diffraction

X-ray diffraction measurements were carried out in the reflection mode on a Rigaku
diffractometer Mini Flex II operated at 30 kV voltage and a current of 15 mA with
CuKα radiation.

Biocide Tests

This test was carried to evaluate the results of diffusion of the nanoparticles before
and after the melt processing, and the films for biocide tests were evaluated before
and after sterilization under gamma irradiation at dose of 12.5 kGy.

The bacteria utilized for this test was the Escherichia coli (Gram—negative)
ATCC 8739 e Staphylococcus aureus (Gram—positive) (ATCC 6538p).

With an sterile swab, the inoculums of the bacteria were seeding in all directions
in sterile Petri dish with Müeller-Hinton agar, and after drying, the samples were
placed in contact to the agar and incubated for 24 h. All the tests were performed
according to JIZ 2801 standard.
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Results and Discussion

DLS analysis show a media of particles size as 150 nm for ZnO and 200 nm for
ZnO-doped-Ag. Figure 1 shows the XRD diffractogram of the ZnO power and the
blend of HMSPP/SEBS doped with the particles.

The characteristics peak of scattering angle (2θ ) identifiedwas 4.15°, which refers
to the lattice parameter of ZnO presence [8]. The other peaks indicate silver (Ag0)
presence in the polymer, from the doping of ZnO. The presence of ZnO on the
polymer was indentified also by Raman Spectroscopy Fig. 2.

The more intense peak of 460 cm−1 corresponds to ZnO [11]. In fact, the presence
and addition of the particles with nano sized dimensions can cause some alterations
in the polymer matrix as shown in Table 1.

The result observed on Table 1 is expected to the elastomeric phase of SEBS
and hinders the crystallization process of HMSPP, especially because the block of
ethylene-butadiene increases the amorphous area [7]. However, the composites have
shown alterations in addition of particles, increasing the crystallinity, in comparison
the neat blend and the composites with the nanosized particles. The particles nano-
metric sized can act as nucleating agent, increasing the crystallinity instead. This
effect was also observed, due to the higher concentration of HMSPP in respect of
SEBS concentration.

The knowledge of the interaction of the particle and the polymer matrix is one
of the key points to understanding the biocidal effects against the bacteria. Table 2
shows the results of microbial activity of the films after irradiation.

Fig. 1 XRD diffractogram of the ZnO powder and the films of HMSPP/SEBS doped with ZnO
and ZnO-doped-Ag
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Fig. 2 Raman Spectroscopy of the composites and the synthesized powder

Table 1 DSC of the composites; Tm2 = melting temperature and Xc = crystallinity

Samples Tm2 (°C) Xc (%)

Zero 161.46 23.89

1% ZnO 159.63 31.10

0.3% ZnO 159.98 32.10

1% ZnO/Ag 159.95 30.89

0.3% ZnO/Ag 158.96 31.03

Table 2 Biocidal activity of irradiated films

Samples Bacteria
counting in zero
time—S. aureus
ATCC6538P

Bacteria
counting after
24 h—S. Aureus
ATCC6538P

Bacteria
counting in zero
time—E. coli
ATCC 8739

Bacteria
counting after
24 h—E. coli
ATCC 8739

HMSPP/SEBS 2.1 × 105 2.1 × 105 2.3 × 105 2.6 × 105

Ag/ZnO 0.3% 2.1 × 105 1.3 × 102 2.3 × 105 5.6 × 102

Ag/ZnO 1% 2.1 × 105 9.8 × 10 2.3 × 105 4.3 × 102

ZnO 0.3% 2.1 × 105 9.1 × 10 2.3 × 105 2.7 × 102

ZnO 1% 2.1 × 105 8.6 × 10 2.3 × 105 2.5 × 102
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The films before the irradiation process were tested; however, they did not show
any biocidal effect. After irradiation, the result observed on Table 2 is possible to
affirm that ZnO has more intense biocide activity than the doped particle. This reason
can be correlated to the protectivemembrane of the bacteria cells. Themost important
cellular function of external membrane is work as protective barrier to prevent or
retard the entry of biocide agents that can kill or cause injury on the bacteria [12].
For this reason when the particle has a nanosized dimension is possible to rupture
the bacterial membrane and then to kill the bacteria.

Conclusion

The HMSPP/SEBS blend was successfully processed as well as the laboratory syn-
thesis of ZnO and ZnO@Ag on the nanometer scale. The HMSPP/SEBS films with
ZnO and ZnO@Ag nanocomposites showed significant results against E. coli and S.
aureus bacteria when irradiated at 12.5 kGy.

Acknowledgements The authors thank the CAPES/PROEX for the grants. Multipurpose gamma
irradiation facility at the CTR-IPEN and ControlBio for the Microbiology Analysis.
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Characterization and Metallurgical
Performance of Titangarnet

Gang Li, Xuewei Lv, Xuangeng Zhou and Guibao Qiu

Abstract Titangarnet (Ca3Fe2Si1·58Ti1·42O12), a significantmineral phase in sinter
with vanadium–titanium magnetite (VTM), was rarely investigated on its strength
andmetallurgical properties. In this study, high purity (95%) of titangarnet was firstly
prepared by chemical synthesis. The results of compressive strength tests showed
that the compressive strength of titangarnet (14.21 Mpa) is much lower than that of
calcium ferrite (37.46 Mpa). The melting performance of titangarnet was measured
by hemisphere method, and results indicated that the softening, melting, and flowing
temperatures of titangarnet are 1453, 1483, and 1509 K, respectively. The reduction
tests carried out by thermal analysis showed that the maximum reduction degree of
titangarnet and calcium ferrite reached 0.65 and 0.94, respectively.

Keywords Titangarnet · Preparation · Melting performance · Reduction behavior

Introduction

Titangarnet, an important titanium-containing phase in iron ore sinter with vana-
dium–titanium magnetite (VTM), was rarely investigated previously especially in
the aspects of strength, melting, and reduction performance. VTM is a typical poly-
metallic iron ore with high comprehensive utilization value and is becoming an
important alternative source of iron ore due to the shortage of high grade ores. How-
ever, for the high content of titanium in VTM, the sinter parameters and sinter quality
still exist many issues that need to be solved. HE [1] carried out the sinter pot tests
where titanium concentrate was adopted to the sinter blend to explore the effects
of TiO2 on the sintering properties of high titanium VTM, results showed that the
strength and the yield of sinter decreased,meanwhile theRDI and the droplet property
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of sinter deteriorated when TiO2 content increased from 6 to 10%. Microstructure
showed that Ti mainly distributed in perovskite, titangarnet, and titanaugite. Zhou
[2] studied the effect of basicity on high-chromium vanadium–titanium magnetite
sintering via sintering pot tests, and results showed that perovskite, themain titanium-
containing phase, concentrated in certain microstructural areas, which weakened the
sinter strength due to its high fragility. In addition, the distribution of perovskite
aggravated the degradation of V–Ti sinter through weakened bonding effect and
resulted in increased cracking. To improve the sintering of VTM, understanding of
the basic and metallurgical properties of titangarnet that distributes in V–Ti sinter is
necessary and significant.

Previous studies on titangarnet mainly involved its behavior in mineralogy and
geology including crystal structure test and geological formation. However, its high-
temperature performance was scarcely concerned. Some authors [3] considered that
titangarnet does not undergo the phase change and volume expansion in the pro-
cess of cooling, and thus, sinter is not easy to disintegrate and suitable for storage.
Nevertheless, support information can not be found, and the details are missing.

In this study, titangarnet was prepared in laboratory, and its purity was checked by
X-ray diffraction and scanning electron microscope. Furthermore, the compressive
strength, melting performance, and reduction behavior of titangarnet were also tested
for the first time.

Sample Preparation and Characterization

Preparation

The raw materials for titangarnet preparation were Fe2O3, TiO2, SiO2, and CaCO3,
and their mass percentages are shown in Table 1. The raw materials were first uni-
formly mixed and then roasted at 1523 K for 10 h in a resistance furnace. After roast-
ing, the samples were cooled down and finally ground to particles for subsequent
investigations. The entire process was in the air condition.

X-ray diffraction (XRD) analysis using RIGAKUD/max2500/PC was conducted
to examine the phase composition of roasted samples, which were scanned at an
angular range of 10–90° with a rate of 4°/min. The XRD patterns of roasted samples
and standard titangarnet were shown in Fig. 1. The results indicate that there was
almost no impure peak, and the purity of sample was high enough.

Table 1 Mass percentage of
raw materials for titangarnet
preparation (wt%)

Fe2O3 TiO2 SiO2 CaO

29.83 21.18 17.67 31.32
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Fig. 1 XRD patterns of roasted samples and standard titangarnet

Morphology Observation

The micrographs obtained by scanning electron microscope (SEM, model TESCAN
VEGA 3 LMH) are expressed in Fig. 2. Mass percent of atoms at three spots A,
B, C were analyzed by energy disperse spectroscopy (EDS). It can be reasonably
speculated that the compounds existed at plots A, B, C were all titangarnet, which
further proved the high purity of titangarnet samples.

Fig. 2 SEM image and spot scanning of titangarnet
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Fig. 3 XRD patterns of andradite and titangarnet

Crystal Structure

Titangarnet is a variant of andradite (Ca3Fe2Si3O12) under titanium-rich conditions.
Titangarnet has similar structure with andradite, but the cation distribution of Ti
and Fe among the crystallographic sites is comparatively complex. Ti is typically
interpreted as tetravalent and accommodated predominantly in the octahedral sites
[4–7], whereas the presence of Ti3+ in the six-fold octahedron was also reported by
some investigations [8–10]. Extensive reports found that Fe3+ is one of the major
substituents for Si [10–12]. Another possible occupancies for tetrahedral sites are
Ti4+ [10, 11, 13], and the preference for tetrahedral sites is Si4+ � Fe3+ > Ti4+.

XRD patterns of standard andradite and sample titangarnet are shown in Fig. 3.
Diffraction peaks of titangarnet appear similar to that of andradite, but there are a
few transpositions to the left side of 2θ axis, which is caused by the substitution of
titanium in andradite.

Metallurgical Properties

Compressive Strength

Sample calcium ferrite was adopted in the compressive strength test (SANS CMT-
5150) for a comparison with titangarnet. The samples were heated to 1573 K, kept
warm for 1 h, and then cooled down in the air. Subsequently, the cooled samples were
cut and sanded into a cube shape (10 mm). The compressive strength of titangarnet
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Table 2 Compressive
strength (Mpa) of titangarnet
and calcium ferrite

Samples Compressive strength Avg.

Titangarnet 16.27 14.21

11.35

15.01

Calcium ferrite 42.14 37.46

33.47

36.77

and calcium ferrite was determined by the average value of three repeated experi-
ments, which were shown in Table 2. The compressive strength of calcium ferrite
varied from 33.47 to 41.14 Mpa. However, the compressive strength of titangarnet
was much lower than that of calcium ferrite. From this point of view, the content of
titangarnet phase should be controlled in a limited value when sintering with VTM.

Melting Performance

The melting performance of titangarnet was measured by hemisphere method. Tem-
peratures at tested sample with 3/4, 1/2, and 1/4 of initial height in the melting stages
are defined as its softening, melting, and flowing temperature. Titangarnet sample,
after melting, cooled, and solidified, was ground to a cuboid of 10 * 5 * 5 mm for the
melting performance test. Themeasurement results of titangarnet are shown in Fig. 4.
Results indicate that the softening, melting, and flowing temperatures of titangarnet
are 1453, 1483, and 1509 K, respectively. From the melting performance test of
titangarnet, its melting temperature is relative low, and the generation of liquid phase

Fig. 4 Melting performance measured by hemisphere method for titangarnet
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can be promoted by the melting of titangarnet in the sintering process. In addition,
titangarnet as a titanium-containing phase should reduce the content of perovskite
to some extent. Thus, an appropriate proportion of titangarnet generated at the sinter
may can not only improve the sinter quality but also reduce the fuel consumption in
the sintering process.

Reduction Performance

Although the reduction behavior of VTM sinter has been extensively reported [14–
16], unfortunately, the reduction of titangranet was rarely investigated. The reduction
behavior of titangarnet was examined by thermal analysis using a Setaram analyzer
(Model Setsys Evo TG-DTA 1750), and schematic of the equipment is shown in the
previous study [17]. Samples (30 mg) in an alumina crucible (�6 × 8 mm) were
heated from room temperature to 1173 K under N2 atmosphere and then reduced
at 1173 K under 30% CO and 70% N2 gas mixtures at a flow rate of 20 ml/min.
Gas flow rate was set at 20 ml/min in accordance with it previously determined to
exclude the influence from external diffusion [18]. Weight loss data was obtained
from isothermal reduction stage, and the reduction degree is defined as the ratio of
weight loss at a certain time to theoretically maximum weight loss.

α = �mt

�mm
, (1)

where α is the reduction degree; �mt and �mm refer to the weight loss at a certain
time t and the theoretically maximum weight loss, respectively. Figure 5 shows the
reduction degree of titangarnet and calcium ferrite at 1123 K and indicated that the
maximum reduction degree of titangarnet and calcium ferrite reached 0.65 and 0.94,
respectively. The complete reduction of titangarnet takes more than 15 h, whereas
that of calcium ferrite takes less than 2 h under CO atmosphere. Based on previous
study on powdery reduction, the reduction kinetics of iron oxide can be described
by an exponential function [17, 18]. The following equation fitted by Origin® 9.0
describes the relationship of reduction degree and time,

α = −0.74 exp

(
− t

403.91

)
+ 0.74 (2)
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Fig. 5 Isothermal reduction of titangarnet and calcium ferrite at 1123 K

Conclusions

In this study, titangarnet was prepared with high purity by chemical synthesis. The
compressive strength, melting performance, and reduction behavior of titangarnet
were tested. The conclusions are summarized as follows:

(1) Titangarnet with high purity can be synthesized by solid phase sintering in the
laboratory.

(2) Crystal structure of titangarnet is a variant of andradite by Ti substitution, XRD
results showed that diffraction peaks of titangarnet appear similar to that of
andradite, but there are a few transpositions to the left side of 2θ axis.

(3) The compressive strength of titangarnet varies from 11.35 to 16.27 Mpa, which
is much lower than that of calcium ferrite.

(4) Hemisphere method was carried out to test the melting performance of titan-
garnet, and results show that the softening, melting, and flowing temperatures
of titangarnet are 1453, 1483, and 1509 K, respectively.

(5) The reduction behavior of titangarnet was investigated via TG measurement
under 1173 K with 30% CO and 70% N2 gas mixtures, and it was found that
the maximum reduction degree of titangarnet and calcium ferrite reached 0.65
and 0.94, respectively.
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Characterization by FTIR of Oxidized
Pyrargyrite with Sodium Sulfide
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Abstract Pyrargyrite is a silver-rich sulfosal of formula Ag3SbS3, considered a
refractory species to leaching with cyanide solutions. In this research work, the
characterization by infrared spectroscopy by Fourier transform and X-ray diffraction
(XRD) of the oxidation of pyrargyrite with sodium sulfide is presented. The XRD
results of the oxidation with sodium sulfide show that the pyrargyrite PDF 00-019-
1135 is transformed into silver sulfide acanthite identified with PDF 96-901-1415,
and the rosinckyite phase was also detected PDF 96-901-2782 as well as Ag2O3 PDF
96-150-9693. The characterization by FTIR shows the absorption bands in 534, 760,
1019, and 1384 cm−1 characteristics of the presence of Sb–O bonds of Sb2O3, and
these oxides decisively influence the leaching of silver, due to the formation of a
passivation layer on the mineral affecting the success of the leaching.
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Introduction

Silver is associated with polymetallic and sulfosalt sulfide minerals, among which
the most abundant sulfur phase is silver sulfide acanthite (Ag2S) other minerals
that contain silver are pyrargyrite, Ag3SbS3, proustite Ag3AsS3, aguilarita Ag4SeS,
tenantite Cu6(Cu4(Fe, Zn)2)As4S13, and tetrahedrite (Cu, Fe, Ag, Zn)12Sb14S13 with
silver inclusions [1]. The most common mineral that contains silver is the acanthite
and responds relatively quickly to leaching with cyanide [2].

In the literature, a common theme is reported with silver sulfosalts and is refrac-
toriness; this is due to the retarding effect caused by the Ag–Sb and Ag2S bonds [3].
Refractory mineral is understood as the one that presents little leaching of silver from
the mineral. This problem, due to the refractoriness of minerals such as pyrargyrite,
has been tried to overcome through treatments such as roasting [4].

As well as the hydrometallurgical route, through pressure oxidation and leaching
with bacteria. However, the first route involves the generation of reaction gases such
as SO2 or volatile antimony oxides, while the aqueous route contains difficulties,
such as high operating costs and long reaction periods [4].

Pyrargyrite is a mineral with a high silver content of around 59%, and due to its
refractoriness characteristic, alternative treatment routes have been considered with
variants of the previously described [5], as is a prior treatment with an agent oxidant
such as ozone before cyanide leaching. The results found indicate that both silver and
antimony dissolve in a considerable percentage of 80%, under conditions of 0.18 M
sulfuric acid and 0.079 g of ozone (O3) per liter [4].

The strong acidic conditions of this process could generate repercussions of both
economic and environmental nature. In another work, a pre-treatment of intensive
grinding was studied, seeking the mechanical activation of the refractory mineral
components. This produces significant changes in the surface of the mineral that
has a decisive influence on refractoriness; however, prolonged grinding times are
inconvenient for this process [6].

The integration of the previous process consists of a chemical mechanically leach-
ing, which involves grinding and leaching operations in a single stage, which would
improve the development of active grinding [6]. In another process, the leaching of
silver and antimony fromminerals such as tetrahedrite Cu3SbS3 containing silver has
been studied, using sodium sulfide Na2S and sodium hydroxide NaOH, describing
the chemistry of mineral leaching with Na2S Eq. 1 [7].

Cu3SbS3 + Na2S = 3Cu2S+ 2NaSbS2 (1)

Therefore, in this researchwork, the oxidationof antimonyof a pyrargyritemineral
is studied, through the use of different concentrations of sodium sulfide, characteriz-
ing the products formed after oxidation, by X-ray diffraction techniques (XRD) and
Fourier transform infrared spectroscopy (FTIR).
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Experimental Methodology

For this investigation, a pure pyrargyrite mineral was used, and it was previously
characterized by scanning electron microscopy (SEM) in conjunction with energy
dispersion microanalysis (EDS), Fourier transform infrared spectroscopy (FTIR),
and X-ray diffraction (XRD). The pyrargyrite ore was sprayed in an agate mortar to
avoid contamination of the ore, it was screened wet using a series of Tyler sieves,
and the mesh size in particular used for this work was the 400 mesh (37 µm).

For all experiments, 1 g of pyrargyrite ore, a glass reactor, and 1 L of deionized
water were used testing different concentrations of sodium sulfide, 0.416 × 10−2,
0.833× 10−2, 1.25× 10−2, 1.67× 10−2, 2.08× 10−2, 2.5× 10−2, and 2.91× 10−2

M, and the mineral pulp was continuously agitated using a four blade stir propeller
inert to the leaching solution.

The reaction time was 12 h, the solid was allowed to settle, was decanted, and
washed copiously with abundant deionized water, and then the mineral was allowed
to dry at room temperature and was characterized by the instrumental techniques
described above. The expected chemical reaction is as shown in Eq. 2.

2Ag3SbS3 + Na2S+ H2O+ 1/2O2 = 3Ag2S+ Sb2S
2−
4 + 2NaOH (2)

Results

The pyrargyrite mineral used in this investigation was analyzed via SEM in con-
junction with EDS and elementary mapping; the results found show that it is a high
purity silver sulfosal of the pyrargyrite type with contents of 60.22% Ag, 19.08%
Sb, 16.86% of S, and 3.84% of Cu. The morphology of the particles is elongated,
with smooth edges and with a conchoidal fracture.

Figure 2 shows the X-ray diffraction spectrum (XRD) of the pyrargyrite mineral
with a particle size of 37 µm without treatment, indexed with the diffraction pattern
PDF 00-019-1135 with the Match Software, which corresponds to of a high purity
pyrargyrite. Meanwhile, the spectrum corresponding to the solid resulting after oxi-
dation of antimony with sodium sulfide using a concentration of 2.5 × 10−2 M and
reaction time of 12 h, as presented in Eq. 2, Na2S * 9H2O does not only leach to the
antimony forming a stable aqueous antimony sulfide at an alkaline pH of 13, but also,
transforming the structure of the pyrargyrite mineral from hexagonal to monoclinic
corresponding to the silver sulfide PDF 96-900-0254 (Fig. 1).

Similar spectra are obtained when the concentration of sodium sulfide is 2.91 ×
10−2 M and 12 h of reaction, lower concentrations of sodium sulfide lead to increase
reaction time and partially oxidize the pyrargyrite mineral. However, the valuable
information obtained in the diffraction technique does not provide conclusions about



448 Y. P. G. Espinoza et al.

Fig. 1 Micrograph of SEM, EDS, and mapping of the majority elements of the mineral

the state of the antimony in the mineral; for this reason, the solids obtained were
characterized by FTIR.

Figure 3 shows the Fourier transform infrared spectra (FTIR) of the pyrargyrite
particles; untreated, oxidized, and that of a pure chemical reagent of Sb2O3.When the
pyrargyrite is sprayed in themortar, the fresh surfaces of themineral are exposed to the
oxidizing atmosphere, forming species such as sulfate ion bound in a monodentate
manner with the mineral metal, and this is due to the cleavage of the main ion
absorption band SO−2

4 in three characteristic bands in 1056, 1114, and 1160 cm−1.
In addition, the only pulverized pyrargyrite shows the formation of weak absorp-

tion bands at 534, 689, 1020, and 1384 cm−1, corresponding to the Sb–O bond of the
antimony trioxide Sb2O3 the nature of these links as a first approximation are related
to the formation of a passivation layer, where the antimony oxide III creates a barrier
that can prevent access to the leaching reagent affecting the success of cyanidation.

With the oxidation of the antimony using sodium sulfide, it is expected that in
its entirety, it will be transformed into Sb2S

−2
4 antimony sulfide; however, from the

infrared spectrum of the oxidized pyrargyrite, it is observed that it is not entirely,
demonstrated by the intense bands of absorption of the Sb–O bonds of the Sb2O3 at
about 1384, 1020, 760, 689, and 534 cm−1.

In addition to the absorption bands of antimony trioxide, intense absorption bands
of the sulfate ion bound in a monodentate manner with three absorption bands in
1160, 1115, and 1033 cm−1 are observed. The band at around 419 cm−1 indicates
the presence of the S–S bonds present in silver sulfide (Figs. 2 and 3).
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Fig. 2 XRD spectra of non-oxidized and oxidized pyrargyrite with Na2S * 9H2O, 2.5 × 10−2 M

Fig. 3 FTIR infrared spectra of pyrargyrite not oxidized and oxidized with sodium sulfide
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Conclusions

The mineral used in this investigation corresponds to a high purity pyrargyrite with
contents of 60.22%Ag, 16.86% S, 19.08% Sb, and 3.84%Cu. Sodium sulfide acts as
a strong oxidizing agent of antimony, passing into aqueous Sb2S

−2
4 , and the resulting

solid corresponds to a silver sulfide identified with the diffraction pattern PDF 00-
019-1135. However, infrared spectroscopy shows that the antimony is not completely
eliminated by remaining superficially the Sb–O bonds of the antimony trioxide, the
presence of this species results in the formation of a passivation layer where as a first
approximation it is expected to delay the cyanidation of silver.
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Characterization by FTIR of Sphalerite
Obtained in the Flotation Without
Collector in the Presence of Ferric Iron
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Abstract Sphalerite is generally recovered by flotation; however, it has been estab-
lished that the success of this stage is affected by surface contamination with ferric
iron precipitates during grinding. In this work, the flotation of sphalerite was carried
out in the presence of iron precipitates 5, 25, 50, and 75 mgL−1 of Fe+3 as ferric
sulfate. The results show that the cumulative flotation of sphalerite, without collector
at pH 6.4, with 60 mgL−1 of frother, improves, with the increase in ferric ion, and
thus, with 75 mgL−1 and 2 min of flotation, 94% cumulative recoveries are achieved.
Infrared analysis shows absorption bands of the Zn–O vibration at 1737, 1378, 1244,
and 1021 cm−1, in addition, the presence of the main band of the tetragonal sul-
fate ion at 1115 cm−1, and an absorption band corresponding to Fe–O vibration of
goethite at 619 cm−1.

Keywords Sphalerite · Flotation · Activation · FTIR

Introduction

Flotation is a physicochemical separation process, which takes advantage of the
superficial differences between valuable minerals and the gangue that comes along
with mineral [1]. The complex mineralogy of mineral deposits is accompanied by
the presence of a mixture of several species such as copper sulfide, lead sulfide, zinc
sulfide, among others, which must be separated by sequential flotation.
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In the sequential flotation of the concentrator plants, zinc sulfide is the last species
to be floated, to keep it depressed, and depressing reagents such as sodium cyanide,
zinc sulfate, sodium sulphite, among others [2] are generally used. For flotation of
sphalerite, xanthate is used as the collector reagent and copper sulfate as a surface
activator at alkaline pH [3], and however, flotation can be carried out similarly at
slightly acidic pH [4]. In other research, it has been established that lead ions can
activate the surface of sphalerite and benefit flotation [5, 6].

Similarly, the surface activation mechanism of sphalerite has been evaluated due
to the presence of lead ion, this with the help of the technique X-ray electronic photo-
spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR). Establish-
ing that the intentional addition of lead ions in the flotation pulps improves the
recovery by flotation of sphalerite. In this way, sphalerite can be significantly acti-
vated by lead ions from the oxidation of sulfides or mineral species of lead oxide
[5].

In addition, surface activation of sphalerite mineral particles can be carried out by
the effect of the metal atoms present in the mineral reticulate parameter [7, 8]. Thus,
it has also been established in the literature that sphalerite can float well without the
presence of an activating reagent, and this, at a pH less than 6 where the elements
contained in the surface of the mineral, can be solubilized to form zinc xanthate
(ZnX2). Other research has suggested activation with ferric hydroxide species in
acidic medium [9], proposing activation mechanisms under these conditions [10].

As previously mentioned, Fe+3 ions derived from the surface oxidation of the
marmatite-sphalerite mineral oxidize xanthate to form di-xanthate and achieve the
flotation of the mineral successfully [10]. The investigations establish the role of
activation in the flotation of sphalerite; however, the works are scarce in the study of
infrared spectroscopy of flotation products derived from the activation of the mineral
with Fe+3 precipitates.

In this research work, the influence of the ferric ion Fe+3, from the salt of ferric
sulfate in the activation and flotation without sphalerite collector was studied using
as a frother pine oil, considering a broad range of concentrations and their effect on
flotation efficiency and on the surface state of the mineral, characterized by Fourier
transform infrared spectroscopy (FTIR).

Experimental Methodology

To carry out this experimental work, a zinc sulfide mineral, practically pure ZnS
sphalerite, was used, which was previously characterized by instrumental techniques
of XRD, SEM-EDS. Sphalerite ore was pulverized in an agate mortar, screened dry
using a series of Tyler sieves 170, 200, 270, 325, and 400mesh and the fine. Sphalerite
flotation tests were carried in aDenver-type flotation cell using 1 L of deionizedwater
and mineral particles retained in the 200 mesh for each test.
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To determine the effect of Fe+3 iron precipitates on sphalerite flotation, analytical
grade reagent such as ferric sulfate Fe2(SO4)3 * H2O was used in concentrations of
5, 25, 50, and 75 mgL−1, to reduce the surface tension of the pulp, frother was used,
pine oil in concentration of 60 mgL−1 provided by the company Alkemin S.A. de
S.R.L. Using flotation times of 30 s, 1–10 min obtaining the recovery curves versus
the flotation time.

During the conditioning of the pulp and at the end of the flotation, the hydrogen ion
potential (pH), the oxide-reduction potential (ORP), and the electrical conductivity
(k) are monitored. Concentrates obtained at different flotation times 30 s and 1 min
were characterized by FTIR to determine the surface state of mineral particles during
flotation without sphalerite collector.

Results

Figure 1 shows the micrographs of SEM of the sphalerite particles in general and in
detail, and particles of irregular morphology, elongated edges, and appearance in lay-
ers with smooth edges are observed. From the EDS energy dispersion microanalysis,
the mineral has the following semi-quantitative chemical composition 54.46% Zn,
26.26% S, 14.59% Fe, and 4.69% O2. Figure 2 shows the X-ray diffraction analysis
of the mineral used in this investigation. It is observed that it is a single crystalline
phase of zinc sulfide identified with the diffraction pattern PDF 00-005-0566.

The results of the flotation tests without collector of the sphalerite mineral at
pH 6.36, using 60 mgL–1 of frother pine oil, and concentrations of 5, 25, 50, and
75 mgL−1 of ferric ion Fe+3, are shown in Fig. 3, generally the cumulative recovery
of the mineral increases with the flotation time obtaining about 99% cumulative
separation of sphalerite in a time of 10 min, and with a ferric ion concentration of
75 mgL–1.

The Fe+3 ion in the pulp at pH 6.3 precipitates as FeO * OH ferric hydroxide
(goethite) as established by thermodynamics, and Fig. 4 shows the Eh-pH diagram
of the Fe–H2O system at 25 °C 1.3 × 10−3 m, obtained from the Hsc software
Chemistry V5.11 where iron under the conditions of flotation precipitates as ferric
hydroxide, goethite.

10 μm 10 μm 10 μm

Fig. 1 SEM micrographs, general, and detailed image of the sphalerite particles
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Infrared spectroscopy analysis of the sphalerite solids floated in the first 30 s and
1 min, for tests with 75 mgL−1 of ferric ion Fe+3, is shown in Fig. 5. This figure
also contains the infrared spectra of sphalerite fresh. The absorption band at around

Fig. 5 Infrared spectra of sphalerite, obtained during the flotation with 75 mgL−1 of Fe3+, 30 s
and 1 min
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Fig. 6 Infrared spectra of sphalerite, obtained in the flotation with 5, 25, and 50 mgL−1 of Fe3+,
during 30 s

617 cm−1 corresponds to the vibrations Fe–O of the chemical species precipitated
goethite iron [10], and it should be mentioned that this band was not detected in
the FTIR spectra of the floated sphalerite using as a ferric ion surface activator in
concentrations of 5, 25, and 50 mgL−1 Fig. 6.

On the other hand, the vibrations bands in 1031, 1244, 1378, and 1737 cm−1, espe-
cially for the sphalerite floating in the first 30 s correspond to the Zn–O. Therefore,
the presence of the Zn–O and Fe–O vibration bands on the surface of the sphalerite
is essential for the success of flotation without a collector. At 1120 cm−1, there is
an absorption band corresponding to the free tetragonal sulfate ion, that is, no bonds
are formed with the metal on the surface of the mineral.

Conclusions

The mineral used in this investigation is one of the high purity with significant iron
contents which are housed in the network parameter. Sphalerite flotation can be
carried out successfully without the use of a collector and with 60 mgL−1 of frother
agent using ferric ion as surface activating reagents from its sulfate salts. The strong
binding bands of Zn–O and Fe–O detected in the infrared spectra when flotation is
performed with 75 ppm of either Fe+3 significantly improve the cumulative recovery
of sphalerite. Infrared analysis shows absorption bands of the Zn–O vibration at
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1737, 1378, 1244, and 1021 cm−1, in addition, the presence of the main band of the
tetragonal sulfate ion at 1115 cm−1, and an absorption band corresponding to Fe–O
vibration of goethite at 619 cm−1.
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Abstract In this work, the use of residues from the bentonite mining of the State
of Bahia, Brazil, in the manufacture of structural ceramic bodies for application in
bricks, blocks, and tiles is studied.Themethodologyused in this study consisted of the
preparation of common clay specimens with the substitution of clay for the bentonite
beneficiation residue in 0, 5, and 10% in weight. After the conformation were done
ceramic tests based on ABNT standards for tests such as bending stress, retraction,
and water absorption. The clay and the residue were characterized by techniques
such as DRX. The beneficiation residue showed potential use in the manufacture of
structural ceramic products.
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Introduction

Pottery is one of the oldest artificial materials. According to the National Association
of CeramicsManufacturers, it is estimated that the production of thismaterial already
took place about 10,000 years ago. In Brazil, the ceramics industry contributes about
1% of the country’s GDP.

Ceramicmaterials consist essentially of clays [1]. Common clays that vary widely
in chemical, mineralogical, and physical composition, so the mechanical properties
of ceramic-based products depend on the clay composition and processing conditions
[2].

Bentonite is a mineral clay with a high montmorillonite content, which is a type
of clay that has expansion properties and high plasticity in the presence of samples
[3]. In the process of beneficiation of bentonite, there is a waste production that has
a fine grain size and a high silica content, the residues that end up becoming an
environmental passive.

Brazil has one of the ten largest bentonite reserves in the world. In Vitória da
Conquista, in the Pradoso district, there is a quarry for exploration and processing
of this material; this region is located in a transition area between the Caatinga and
the Atlantic forest; in this context, these residues are configured as environmental
liabilities [4].

Based on the variation of the properties of ceramics from the clay composition,
it is possible to help the development of the ceramic material and thus obtain a
better quality product with specific characteristics through changes or additions in its
formulation [5]. Thus, it is possible to work the characteristics of ceramic materials
with the use of mining industry residues, in this specific case, the residues from
the processing of bentonite, in order to contribute with new technologies to the
construction market, thus reducing it of environmental impacts.

Materials and Methods

Bentonite Residue Characterization

The characterization of the bentonite residue using the clay as a substitute for making
ceramic specimens was the initial step of the research. XDR was used to determine
the atomic and molecular structure of a ceramic crystal. The results showed that the
bentonite residue has main smectic clay minerals, kaolinite, and quartz. In Fig. 1,
we can observe the first peak as being of a smectic argilomineral as a function of the
basematerial that generates the residue, bentonite, being a smectic argilomineral. The
second peak shows kaolinite as a constituent material, kaolinite is a clay constituent
of clays, bentonite is a clay, and kaolinite was expected to be found as part of themain
constituents of the residue. The third peak shows quartz as a constituent material,
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Fig. 1 XDR result. Source (Own Authorship)

quartz is one of the crystalline forms of silica; thus, together with the clay, it helps
the vitrification process of the silica, besides controlling the shrinkage phenomenon.

Material Preparation

Initially, a clay sample was collected in a ceramics industry in the city of Vitória
da Conquista, the Simonassi Ceramics of Bahia. The sample was oven-dried at
110 ± 5 °C. It was then torn apart in a ball mill approximately 2.0 cm in diameter
for about twenty minutes.

A sample of the residue from the bentonite beneficiation processwas also collected
from the Companhia Brasileira de Bentonita (CBB), located in the city of Vitória da
Conquista. The sample was oven-dried at 110 ± 5 °C.

Both clay and bentonite residues were sieved through the ABNT 80-mesh sieve
(0.18 mm) to reduce particle size and also to prevent organic matter residues from
remaining in the sample.

Specimen Preparation

After sieving, 10 aliquots of 15 grams each of clay eachwereweighed and 10%mois-
ture added.Deionizedwaterwas used for this experiment. The claywas homogenized



462 L. M. dos Santos et al.

with moisture manually using containers and spatulas so that the entire aliquot was
uniformly moist. After homogenization, the aliquots were placed in a closed metal
container in a moisture-holding vat for 24 h.

The specimens were then molded into a rectangular mold with dimensions of
2.03× 6.00× 0.85 cm. The mold was greased with a very thin layer of oil to prevent
material from adhering to the mold surface. Then, the sample was evenly distributed
within the mold and then subjected to uniaxial dry pressing above 4Tf for shaping
of the specimens.

After molding the specimens were weighed, measured, and identified for compar-
ison purposes, the process was completed and subjected to natural drying for 24 h.
Then, the specimens were placed for drying in the oven at 105 ± 5 °C for 24 h. The
final process took place in the muffle furnace where the specimens are burned with
a heating speed of 5 °C per minute at temperature levels of 270, 540, and 950 °C.

After the firing process is completed, the ready-made specimens are reweighed,
measured, and accommodated in an impact-free location for characterization testing.
The same procedure is repeated for aliquots with replacement of clay by bentonite
mining residue in percentages of 5 and 10%.

Specification of Specimens

The characterization of the specimenswasmade by linear shrinkage tests, three-point
bending test, and water absorption test.

Linear Shrinkage Test

This test consists of obtaining the difference in the width, length, and height
dimensions of the clay specimens after molding and immediately after firing.

Three-Point Bending Test

After the firing process, the specimens were submitted to the three-point bending test
in a hand press with the application of a force until the state of rupture of the material.
With this data, it is possible to calculate the flexural strength through Eq. (1).

σRF = 3 ∗ F ∗ L

2 ∗ b ∗ d2
(1)

where F = applied force (N), L = distance between supports (m), b = specimen
width (m), and d = specimen thickness (m).
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Water Absorption Test

The ceramic specimens were immersed in a container with water for a period of 24 h,
after which the specimens were removed from the water and superficially dried to
lose excess water. The wet specimens were weighed, thus obtaining the wet mass
(Mu) and then placed in the oven at 110 ± 5 °C for 24 h for their complete drying.
Again the specimenswereweighed thus obtaining the drymass (Ms). The percentage
absorption rate of water is given following equation piece.

Absorption = Mu − Ms

Ms
∗ 100 (2)

Results and Discussion

Shrinkage on Drying and Burning of Specimens After
Sintering

Tables 1, 2, and 3 show the shrinkage results after the firing process at 950 °C.
It is noticed that in the specimens without the replacement of clay by the residue

from the bentonite processing, the average weight variation after drying is 20.5%.
For specimens with 5% and 10% substitutions, the percentage weight variation was

Table 1 Retraction after sintering of clay specimens with 0% incorporation of bentonite residue

Sample Before the burn After burning Percentage change

Weight (g) Length (m) Weight (g) Length (m) Weight (g) Length (m)

1 16.284 6.04 12.886 2.01 20.87 2.98

2 16.382 6.03 12.891 1.98 21.31 2.82

3 16.337 6.03 12.901 1.98 21.03 2.99

4 16.059 6.03 12.843 1.99 20.03 2.82

5 16.339 6.03 12.964 2.01 20.66 2.82

6 16.446 6.03 12.978 2.00 21.09 2.82

7 16.229 6.03 12.869 2.00 20.70 2.99

8 16.015 6.04 12.933 2.01 19.24 2.98

9 16.064 6.03 12.931 1.99 19.50 2.99

10 16.182 6.03 12.897 1.99 20.30 2.82

Average 16.23 6.03 12.91 2.00 20.47 2.90

(Source Own Authorship)
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Table 2 Retraction after sintering of clay specimens with 5% incorporation of bentonite residue

Sample Before the burn After burning Percentage change

Weight (g) Length (m) Weight (g) Length (m) Weight (g) Length (m)

1 16.28 6.03 12.93 5.83 20.61 3.32

2 16.11 6.03 12.87 5.83 20.09 3.32

3 16.17 6.03 12.85 5.83 20.50 3.32

4 16.24 6.03 12.90 5.84 20.57 3.15

5 16.20 6.05 12.82 5.82 20.87 3.80

6 16.29 6.03 12.93 5.84 20.61 3.15

7 16.10 6.03 12.86 5.83 20.08 3.32

8 16.09 6.03 12.88 5.83 19.96 3.32

9 16.17 6.03 12.92 5.82 20.07 3.48

10 16.06 6.03 12.79 5.83 20.32 3.32

Average 16.17 6.03 12.88 5.83 20.37 3.35

(Source Own Authorship)

Table 3 Retraction after sintering of clay specimens with 10% incorporation of bentonite residue

Sample Before the burn After burning Percentage change

Weight (g) Length (m) Weight (g) Length (m) Weight (g) Length (m)

1 15.926 6.03 12.664 5.83 20.48 3.32

2 16.155 6.03 12.726 5.83 21.23 3.32

3 15.931 6.03 12.676 5.83 20.43 3.32

4 16.123 6.04 12.726 5.84 21.07 3.31

5 15.992 6.04 12.699 5.84 20.24 3.31

6 15.939 6.03 12.658 5.84 20.58 3.15

7 16.111 6.03 12.775 5.83 20.83 3.32

8 16.071 6.03 12.767 5.83 20.56 3.32

9 16.131 6.03 12.724 5.83 21.12 3.32

10 16.052 6.03 12.645 5.84 21.22 3.15

Average 16.04 6.03 12.71 5.84 20.78 3.28

(Source Own Authorship)

20.4% and 20.8%, respectively. The weight variation between the different percent-
ages of waste substitution is very small, which shows that the increase of the residue
does not interfere with this property.

As for the variation of dimensions, the specimens with 0% of residue replacement
presented, in their length, an average retraction of 2.9%. For the percentages of 5 and
10%, the average retraction was 333%. The shrinkage increase, although very small,
can be explained by the behavior of the bentonite base element, the montmorillonite,
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which tends to absorb moisture causing its swelling; consequently, after burning,
there is greater shrinkage of the material. The shrinkage, being in small proportions,
does not tend to damage the final ceramic product. In large proportions, shrinkage
generates tensions that can lead to the appearance of defects that compromise the
quality of the final product.

Three-Point Bending

Observing the results of this test, shown in Table 4, it is clear that the average flexural
strength of the specimens with 0% replacement is 6.16 MPa. In samples with 5%
and 10% of clay substitution by the bentonite mining residue, the average flexural
strength observed is, respectively, 4.74 MPa and 5.25 MPa.

It is observed that there is a decrease in flexural strength for the 5% percentage of
clay substitution by bentonite beneficiation residue; however, the resistance has an
increase for specimens with 10% replacement compared to those of 5%, indicating
that possibly a replacement increase above the 10% range would improve material
strength.

When comparing the results related to shrinkage and flexural strength, it is clear
that specimenswith 5% replacement present negative results to these propertieswhen
compared to specimens with 0% addition. However, when comparing the material

Table 4 Tensile strength of specimens after firing

Sample 0% replacement 5% replacement 10% replacement

Burst stress
(N)

Flexural
strength
(MPa)

Burst stress
(N)

Flexural
strength
(MPa)

Burst stress
(N)

Flexural
strength
(MPa)

1 64 6.43 50 4.73 53 5.06

2 61 6.03 50 4.51 68 6.34

3 Invalid
data

– Invalid
data

– 47 4.51

4 59 5.98 47 4.45 53 4.88

5 54 5.59 46 4.26 50 4.74

6 75 7.57 57 5.24 54 5.17

7 65 6.55 48 4.43 62 5.92

8 51 4.97 46 4.22 51 4.68

9 66 6.68 53 4.86 65 5.97

10 59 5.64 64 5.94 Invalid
data

–

Average 61.56 6.16 51.22 4.74 55.89 5.25

(Source Own Authorship)
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Table 5 Water absorption rate results

Sample 0% replacement 5% replacement 10% replacement

Mu (g) Ms (g) Mu (g) Ms (g) Mu (g) Ms (g)

1 7.14 6.02 7.30 6.09 7.39 6.20

2 7.44 6.27 6.54 5.44 6.95 5.81

3 8.11 6.89 8.20 6.86 7.82 6.55

4 7.98 6.65 8.85 7.40 8.18 6.91

Average absorption rate 18.74% 19.8% 19.15%

(Source Own Authorship)

with 5 and 10% replacement, the 10% specimens have positive shrinkage and flexural
strength characteristics.

Due to the characteristics of bentonite, the residual material used tends to absorb
more moisture, thus presenting greater shrinkage when this moisture is removed. On
the other hand, the probable high silica content causes this material, when subjected
to high temperatures, greater vitrification, and therefore greater resistance, thus caus-
ing a balance between strength and shrinkage in certain percentages, that is, in an
optimum percentage.

Water Absorption

Water absorption is a property of the ceramic body; it is a direct function of the
porosity and permeability of the ceramic part.Water absorption has a direct influence
on the material performance in terms of breaking load, wear resistance, among other
factors. Table 5 shows the data obtained from the water absorption test.

The results show that the average absorption shrinkage rate for the 0% replacement
specimens is 18.74%, while in the 5% and 10% replacement specimens, the water
absorption rate is, respectively, 19.8% and 19.15%. Note that when the bentonite
residue is replaced the water absorption rate increases, that is, there is a higher
porosity in the ceramic material; however, with the increase of the percentage of
clay substitution by the residue, the water absorption rate begins to reduce, thus
indicating the possibility of an optimum percentage maintaining or improving the
rate of water absorption, thus making the bentonite residue clay composition an
applicable material.



Characterization of Bentonite Beneficiation Residue for Use … 467

Conclusions

The specimens with 5 and 10% substitution presented negative shrinkage character-
istics, resistance, and water absorption when compared to the specimens with 0%
substitution, because the quantity of silica present in the sample was not able to
cause sufficient vitrification to compensate for shrinkage and excessive porosity and
consequently loss of strength. However, when comparing specimens with clay sub-
stitution (5 and 10%), the best indices of resistance, shrinkage, and water absorption
were presented in specimens with higher percentage.

By replacing more clay with the waste material, the amount of silica in the total
mass is increased, favoring vitrification and, consequently, resistance, balancing the
shrinkage effects, and improving water absorption rates. Due to the positive resis-
tance, shrinkage, and water absorption characteristics of the 10% replacement spec-
imens compared to the 5% replacement specimens, it can be assumed that there is
an optimal replacement percentage, so it is possible make use of the clay composi-
tion with an optimal percentage of bentonite residue for the production of structural
ceramic materials.

New research is being done with increasing the percentage of clay substitution
to find the optimum percentage content and thus finding a ceramic product with
attractive properties for the construction industry in tandem with the reduction in
environmental liabilities caused by the mining industry.
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Abstract The municipality of Cachoeiro do Itaperimirim, located in Espírito Santo,
has a well-established ornamental stone industry, being one of the main cutting and
extraction poles of this material. However, industry stimulation caused the waste
produced to be disposed of in inappropriate places, threatening the environment and
human life. In thepresentwork, a studywas carriedout aiming at the reuseofwastes as
raw material for red ceramics, from chemical, physical, and mineralogical analyses,
besides the characterization of the samples regarding the granulometry, plasticity, and
basic properties, in order to better investigation of these materials. The preliminary
study showed that, in general, the essentially kaolinite ceramic mass tends to enrich
with the addition of ornamental rock wastes due to the presence of flux oxides.
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Introduction

In general, all industrial activities have impacts on the environment, caused by the
excessive use of non-renewable raw materials and the increased production of waste
that is incorrectly disposed of in the environment. The biggest challenge of the
twenty-first century is finding solutions to these problems in the industrial sector.

Oneof themain sectors that generatewaste is ornamental rock, because its disposal
is often problematic in settling tanks or landfills, often without component removal
treatment processes [1].

In Brazil, the export of ornamental rock from January to May 2019, a total
of 407.5 million dollars to the production process generates 80% of waste from
extraction to polishing [2].

The main pole of ornamental rocks in the country is located in the municipality of
Cachoeiro de Itapemirim, in the state of Espirito Santo, where much of its production
is destined for exports. Its production accounted for 76.2% of the total volume of
Brazilian chemical substances in 2017, and also for less than 65% by volume of total
quantities of ornamental rocks in the Brazil [2].

In the use of ornamental rocks in the construction sector, it is necessary to dis-
mantle its blocks to result in mud wastes. According to NBR 10004 [3], these mud-
forming wastes are classified in class II A and are called non-inert wastes. This mud
is usually deposited in yards, which can contaminate rivers, lakes, and streams [4].

Given this scenario, it is necessary to reuse waste more efficiently to reduce its
impact on the environment andminimize its disposal. Since the rockwaste has a com-
position favorable for incorporation with a ceramic mass, this fact makes the waste
favorable for this case, as it consists mainly of silicon oxide (SiO2), aluminum oxide
(Al2O3), calciumoxide (CaO), iron oxide (Fe2O3), and alkaline oxides (K2N eNa2O)
[5].

Several studies show that the addition of ornamental rocks in the ceramic masses
[4–7] has great potential for this incorporation, varying according to the composi-
tions analyzed, but surpassing the technological properties indicated by the Brazilian
technical norms of the tiles, depending on the burning temperature.

Thus, this work is focused on the physical, mineralogical, and chemical charac-
terization of clays used industrially for the production of ceramic tiles, aiming to
evaluate their suitability to this ceramic process.

Materials and Methods

The clay used in this study is provided by Campos dos Goytacazes-RJ, using a local
ceramic. 40 kg of clay was collected inside ceramics, in its natural state. In addition
to clay, an ornamental rock waste was collected in the municipality of Cachoeiro de
Itapemirim-ES-Brazil, and 20 kg of mud-shaped wastes were collected, which result
in a significant decrease in mass after drying.
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Table 1 Composition of
ceramic masses (% by
weight)

Sample Ceramic mass Waste

Clay mixed with 0% waste (AM0) 100 0

Clay mixed with 5% waste (AM5) 95 5

Clay mixed with 10% waste
(AM10)

90 10

Clay mixed with 15% waste
(AM15)

85 15

Particle size, Atterberg limits, and humidity of the material were characterized.
These tests were performed for clay as well as for waste, except the Atterberg limits
that were not possible with rock waste.

Particle size analysis of the rawmaterials was performed by sieving and sedimen-
tation according to NBR 7181 (2016) [8]. Initially, the materials were sieved with up
to 10-mesh sieves (coarse sieving) and also up to 200-mesh sieves (fine sieving). For
the sedimentation test, as the raw materials used in the 200-mesh sieve, this amount
was sufficiently reduced for the addition of sodium hexametaphosphate solution with
sodium carbonate to disaggregate particles.

The determination of the moisture content was made by the gravimetric method;
thewet samplewasweighed and then submitted to oven drying at±110 °C.The deter-
mination of the real grain density was performed according to NBR 6457 (ABNT,
1986) [9] and NBR 6508 (ABNT, 1984) [10], where a pycnometer was used.

The material used at the Atterberg boundaries was torn apart and passed through
the 0.42-mm aperture sieve. The plasticity limit test was performed according to
NBR 7180 (ABNT, 2016) [11], while the liquidity limit was performed according to
NBR 6459 (1984) [12].

The chemistry of the clays and the waste was characterized using X-ray fluo-
rescence spectroscopy and the SHIMADZU EDX-700 equipment, performed at the
Civil Engineering Laboratory—LECIV of UENF.

The test result is aimed to establish a reduced model, which consists in the opti-
mization of the most appropriate mixture of raw materials: clays and rock wastes.
Compositions with different waste percentages were prepared for each mixed clay,
as masses had 0, 5, 10, and 15% waste for each clay weight percentage, as shown
in Table 1, these compositions were characterized and burned at three temperatures,
850, 950, and 1050 °C, and subsequently subjected to technological tests. The tests
performed in the characterization were linear variation, apparent porosity, water
absorption, apparent specific mass, and flexural strength at three points.

Results

The analysis of the particle size of the clays and the waste (Table 2) showed large
quantities of particles smaller than 2µm in diameter, being the mixed clay presented
58.3% of particles with this diameter, and when summed the amount of silt and clay,



472 A. R. G. Azevedo et al.

Table 2 Soil grain size

Percentage particle size

Sample Boulder Sand Silt Clay

Thick Medium Fine Thick Medium Fine

Clay − − − 0.6 6.0 15.8 19.2 58.3

Waste − − − − − 5.2 60.7 34.1

we have a total of 77.5%. The waste has 34.1% of clay and 60.7% of silt. The result
of particle size analysis means that the raw materials are formed by the fraction of
clay and silt which are the major part, followed by the fine sand fractions, and in all
materials, the percentage of boulders present was 0%.

Already in Fig. 1 can be observed the particle size distribution in terms of curve,
after the screening test, thus determining a general characteristic of the clay studied
for this composition, according to the Brazilian normative standard.

The plasticity limit determines the minimum amount of water for the plastic state
to be achieved, and the liquidity limit determines the minimum amount of water for
the material to reach a mud consistency. Clay presented a liquidity limit of 44.0%
and a plasticity limit of 25.3%; this is due to the granulometric behavior of the clay,
since the smaller the surface area of the material, the higher the water absorption.
And the plasticity index of 18.7%, being suitable for ceramic masses, is between
18.0 and 23.0% [13], and when above 15.0% are considered highly plastic [14]; in
another study [15], the liquidity limit varies between 30 and 60.0%, the plasticity
limit between 15.0 and 30.0%, and the plasticity index between 10.0 and 30.0%.

The real specific mass of the grains is presented in Table 3, and it is possible to
observe that the higher the percentage, heavier waste will be the piece produced.

Fig. 1 Clay particle size curve
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Table 3 Specific mass of ceramic masses

Ceramic mass Specific mass (g/cm3)

850 °C 950 °C 1050 °C

AM0 1.45 1.46 1.49

AM5 1.50 1.52 1.56

AM10 1.52 1.57 1.59

AM15 1.60 1.65 1.68

Table 4 Chemical characterization of raw materials (% by weight)

Raw materials SiO2 Al2O3 Fe2O3 K2O TiO2 SO3 CaO

Clay mix 56.46 34.01 3.31 2.26 1.42 1.78 0.66

Waste 86.22 7.15 0.26 2.15 0.10 1.59 2.34

Table 4 shows the chemical compositions of clays and rock wastes, and it can be
seen that all raw materials consist essentially of silicon oxide (SiO2) and aluminum
oxide (Al2O3), corresponding to 90.47% in the clay and 93.37% in the waste, and
this means that this clay comes from metamorphic rocks. The least prevalent in both
raw materials are iron oxide, potassium oxide, titanium dioxide, and sulfur oxide.

The incorporation of rock wastes in clay tends to enrich the mass with flux oxides
(sodium oxide), because in high temperatures, they contribute to a greater synthesis
and densification of the pieces [16].

Figure 2 shows the crystalline phases of quartz, kaolinite, mica/illite in the mixed
clay sample, confirming the results of the chemical analysis. Through this analysis,

Fig. 2 X-ray diffractometry of ceramic masses
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it is possible to verify the presence of silicon oxide in large quantity, which indicates
reduction in shrinkage and deformation and support to the ceramic body, and from
it can be classified the mixed clay with a tendency to be strong [17].

This clay has a higher amount of aluminum oxide, which indicates greater plastic-
ity andmechanical strength [18, 19]. The relationship between these oxides indicates
that the predominant clay is kaolinite, which has difficult dispersion in water and
moderate plasticity, being commonly verified by researchers from the region. The
illicit peaks of Fig. 2 act as flux oxides [5].

Conclusion

The clay particle size distribution seem to be typical for material used in the pro-
duction of red ceramics, with a high percentage of clay fraction and the waste with
a high percentage of silt fraction, which makes them suitable for incorporation and
use in the manufacture of red ceramic pieces. Chemical and mineralogical analysis
shows that the clay is typically kaolinitic (SiO2 + Al2O3 = 90.47%) Campos dos
Goytacazes region with presence of flux oxides (CaO = 0.66%) and that the rock
waste has values above 90%.

The characterization allows us to predict, based on the knowledge of the behavior
of ceramics, through the firing cycles, the suitability of the raw materials for tile
production. This is because ornamental rock waste has promising properties in the
manufacture of these products.

Therefore, it can be concluded that the samples have potential for use as raw
material in the red ceramic industry due to their mineralogical composition, con-
venient particle size distribution, and highly plastic performance, favoring material
conformation, burning, and final material performance.
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Abstract Hydrogel is a gel formed by a three-dimensional network of hydrophilic
polymers that are used as advanced asset release systems with good biocompatibil-
ity. The use of ionizing radiation to obtain hydrogels promotes cross-linking with
the concomitant sterilization of the hydrogels. Aiming at the release of the mandelic
acid (an active cosmetic), hydrogels were prepared using different concentration of
poly(N-vinyl-2-pyrrolidone) (PVP), poly(ethylene glycol) (PEG) and agar contain-
ing nanoparticles of the pseudoboehmite, mandelic acid and Palmarosa and Rosa
Mosqueta oils nanoemulsions, submitted to irradiation dose of 25 kGy. Hydrogels
containing 7.5 wt% PVP showed better absorption, slip, odor results, and those with
10 wt% PVP were found to be inadequate. Nanoemulsions were characterized by
acidity, density and optical microscopy; hydrogels samples were put under isother-
mal dehydration with air entrainment and dehydration was examined as a function of
time. The results showed that the composition of hydrogels is stable, and the increase
of the concentration of pseudoboehmite in hydrogels sample containing Palmarosa
oil suffers less dehydration and those containing the two oils showed an increase
in dehydration. The hydrogels obtained with 7.5 wt% of PVP and 3 wt% of pseu-
doboehmite, Rosa Mosqueta vegetable oil and mandelic acid are most suitable to be
used in cosmetic products.
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Introduction

Anti-aging cosmetics contain active ingredients to suit the physiological and anatom-
ical conditions of the skin in their individual variations. Care with its functional
and anatomical integrity allows effective intervention with the objective of aesthetic
improvement of the skin [1].

For the decades, the skin has been used as a route of administration of dermato-
logically active substances, that is, with pharmacological action in the skin tissues.
In these therapies, it is considered that drug molecules diffuse into the tissue at the
site of application to produce their therapeutic effects [2].

Hydrogels represent advanced asset release systems, capable of offering advan-
tages over conventional pharmaceutical forms by having good biocompatibility,
adequate mechanical properties and promoting controlled release of assets [3].

Hydrogel based on PVP, obtained by ionizing radiation, is widely used as a
biomaterial because it has no toxicity and the presence of agar in small concentrations
favors the gelation of the solution, providing physical form before cross-linking [4].
Ionizing radiation is widely used in the industry for sterilization at a minimum dose
of 25 kGy [5].

In order to improve the performance of cosmetic and dermatological products
emerge nanoemulsion technology. This consists of placing assets in carrier systems
used for controlled release.

Various materials, such as polymeric, ceramic, lipid, protein among others [6],
can form these carriers.

Pseudoboehmite type fine ceramics, fall into the non-toxic category [7, 8],
obtained by the sol gel process, have advantages such as low cost, easy handling and
enable the obtaining of nanoscale materials adding different properties compared to
conventional materials [9].

In view of these considerations, this paper aims to contribute to the cosmetic area
by presenting hydrogels containing concentrations of 5, 7.5 and 10% by mass of
PVP, submitted to 25 kGy dose by ionizing radiation, maintaining the concentration
of 3 wt% PEG and 1 wt% agar containing anti-aging cosmetic active and mandelic
acid. This acid promotes the renewal of the epidermis, causing slight peeling, slight
burning and flushing, acting on the removal of superficial spots, helping the skin
deriving from skin aging [10].

Experimental

Materials

The used reagents were the following: aluminum nitrate Al(NO3)3, supplied by
Dinâmica LTDA; ammonium hydroxide (NH4OH), supplied by Audaz Reagente
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Tecnológico; polyvinyl alcohol, supplied by Bandeirante Química; poly(N-vinyl-
2-pyrrolidone) (PVP), supplied by GAF Co.; poly(ethylene glycol), supplied by
Oxiteno Brasil; agar, supplied by Oxide; and mandelic acid, Palmarosa and Rosa
Mosqueta oils and Tween 20, supplied by Labsynth.

Methods

Obtainment and Characterization of Base-Hydrogels

Different hydrogel types containing different concentrations of PVP (HB1—10wt%,
HB2—7.5 wt%, HB3—5 wt%) and at 25 kGy radiation doses were prepared, main-
taining the concentrations of PEG (3 wt%) and agar (1 wt%) based on literature
studies [11]. These hydrogels were produced for the purpose of defining the most
suitable composition for the final product. To obtain the hydrogels, the reagents were
previously dissolved in water and hot mixed. The concentration of the components
in the final solution was adjusted by adding sufficient water to achieve 100 mass%
(Fig. 1).

After sample preparation, they were irradiated at room temperature in an electro-
static electron accelerator of the “Radiation Dynamics” model “Dynamitron” with a
maximum energy of 1.5 MeV, maximum current of 15 mA and dose of 11.3 kGy/s
to promote cross-chain cross-linking. The samples were irradiated at 25 kGy dose.

After obtaining the physical gel, pH and density were determined at room tem-
perature. Dehydration was determined as a function of time every 30 days, and the
samples were kept in their original packaging at room temperature.

Fig. 1 Preparation of hydrogels
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Table 1 Composition of mandelic acid nanoemulsions

Samples Composition (wt%)

Pseudoboehmite
(PSB)

Palmarosa
(PR)

Rosa
Mosqueta
(RM)

Mandelic
Acid (MA)

Tween 20

A 1.0 7.0 − 2.1 8.8

B 1.0 − 7.0 2.1 8.8

C 3.0 7.0 − 2.1 8.8

D 3.0 − 7.0 2.1 8.8

E 5.0 7.0 − 2.1 8.8

F 5.0 − 7.0 2.1 8.8

The characterization of hydrogels was also obtained through a sensory analysis
with a group of 100 people linked to the area of aesthetics and cosmetics, by a proba-
bilistic method not for convenience, and used the Likert scale to evaluate absorption,
the slip, the aspect, the odor and feeling of comfort after application.

Obtainment Nanoemulsions

Nanoemulsions were prepared from pseudoboemite (1, 3 and 5 wt%), mandelic acid
(2.1wt%), surfactant, Tween 20 (8.8wt%) and Palmarosa essential oil (7wt%) and/or
Rosa Mosqueta vegetable oil (7 wt%) presented in Table 1.

Initially, the pseudoboehmite was solubilized in water, and later, the active princi-
ple (mandelic acid) was added, and the systemwas kept under stirring for 30 min and
heated to 40 °C (aqueous phase). Tween 20 surfactant (polysorbate) was solubilized
in the oil phase (Palmarosa essential oil or Rosa Mosqueta vegetable oil), and the
system was stirred for 30 min and heated to 40 °C. The obtained aqueous phase was
poured (still heated) onto the oil phase under constant and continuous stirring of
600 rpm on the Solab Model SL-9 magnetic heating stirrer and was kept until cooled
to room temperature at 25 ± 3 °C. The prepared emulsion was placed in Eppendorf
model 5804R centrifuge at speeds of 1000 rpm, 2500 rpm and 3500 rpm for 15 min.
The nanoemulsions obtained were characterized by density and pH before and after
thermal stress. The homogeneity and morphology of the dispersion were observed
in a Philips series 062698 optical microscope. All slides were analyzed in the 40x
objective and recorded through the Opton model 0345 microscopic camera.

Obtainment Hydrogels Containing Different Nanoemulsions

Through the results of the sensorial analysis, the most suitable composition of PVP
(7.5% by mass), PEG (3% by mass) and agar (1% by mass) were observed. Thus,
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Table 2 Hydrogels with
varying addition of different
nanoemulsions

Dose Hydrogels Nanoemulsions
samples (3 mL)

Nanoemulsions
samples (3 mL)

25 kGy HI − −
HII A −
HIII − B

HIV A B

HV C −
HVI − D

HVII C D

HVIII E −
HIX − F

HX E F

new hydrogels were prepared keeping the best concentrations and adding different
nanoemulsions according to Table 2.

The obtained hydrogels were characterized by isothermal dehydration with
air drag, through the forced air circulation and temperature controlled stove,
under strictly isothermal conditions at 37 °C, with 50 mL/min synthetic airflow.
Dehydration as a function of time was maintained on the same criteria as before.

Results and Discussion

Preparation and Characterization of Base-Hydrogel

The base-hydrogels had a similar viscous appearance, and the HB3 sample (5%
PVP-25 kGy) had a consistency not suitable for the final cosmetic product as can be
seen in Fig. 2.

The research of sensory analysis on absorption, the slip, the aspect, odor and
comfortable feeling after application is presented in Table 3, indicating the sum

Fig. 2 Base-hydrogels obtained: HB1 (10%PVP-); HB2 (7.5%PVP); HB3 (5%PVP)
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Table 3 Satisfaction degree obtained for the evaluated dimensions

Hydrogels Satisfaction degree of hydrogels (%)

Absorption Slip Aspect Odor Comfortable feeling Total

HB1 36 71 24 33 52 216

HB2 56 78 48 38 55 275

HB3 45 67 52 38 64 266

Table 4 Variation of dehydration percentage over time after irradiation

Time (days)

Dehydration (%) Hydrogels 30 60 90 120 150 180 210

HB1 8.77 15.78 23.36 34.01 39.70 45.09 52.69

HB2 11.26 19.96 31.77 54.26 54.84 58.10 62.91

HB3 12.29 26.59 40.76 58.53 66.24 74.35 79.51

score of partially satisfied and fully satisfied by the Linkert scale to determine the
highest degree of satisfaction of the surveyed population. In this type of treatment,
the degree of patient/user satisfaction is important for the continuity of treatment
[13].

The pH behavior of the base-hydrogels presented a range from 2.9 to 3.4 decreas-
ing with the decrease of PVP. This determination and control from the cosmetic
and/or dermatological point of view are extremely useful, since the skin has a slightly
acidic pH, which contributes to the bactericidal and fungicidal protection on its
surface [14].

The density of the base-hydrogels remained stable, very close, even with PVP
concentration variations (5, 7.5 and 10%) and the values obtained were slightly
below 1.00 g cm−3.

Dehydration as a function of time was followed for all formulations according to
Table 4 and Figs. 3 and 4 showing the variation of the percentage of dehydration as
a function of time after irradiation.

The hydrogels obtained were observed to have a viscous appearance;
All samples were observed of same aspect and samples HB3 (5% PVP-25 kGy)

had a consistency not suitable for the final cosmetic product. The hydrogel HB2
formulation showed a prevalently elastic rheological behavior, as recommended in
the literature [13].

Nanoemulsions Characterization

The macroscopic analysis of the emulsions was milky, white in color. After the
centrifugation test, phase separation was evidenced at a speed of 1000 rpm. This
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Fig. 4 Variation of dehydration percentage as a function of time after irradiation

proves their stability and from the speed of 2500 rpm, all formulations were slightly
modified and at the speed of 3500 rpm, all formulationswere phase separated (Fig. 5).

The pH measured before and after the samples was subjected to stress showing
no significant changes. The pH of nanoemulsions formulated with Rosa Mosqueta

Fig. 5 Appearance of samples after centrifugation
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vegetable oil and Palmarosa essential oil decreased progressively to less than 3.0,
due to chemical degradation of the components such as release of carboxylic acids
in the oil phase and surfactants.

After seven days, the pH of the nanoemulsions obtained increases with the con-
centration of pseudoboemite. It is observed that the increases in pH are higher for
formulations containing Rosa Mosqueta vegetable oil, with these increases being
3.84% (1% pseudoboehmite), 7.69% (3% pseudoboehmite) and 48.27% (5% pseu-
doboehmite). For nanoemulsions containing Palmarosa essential oil, the increases
were 21.73% (1% pseudoboehmite), 20.83% (3% pseudoboehmite) and 74.07% (5%
pseudoboehmite) The pH behavior is shown in Fig. 6.

The results are in accordance with the literature [12], which state that emulsions
and nanoemulsions prepared with vegetable oils may exhibit a decrease in pH due
to hydrolysis of fatty acid esters in free fatty acids, which is the major product of
degradation.

The skin has a slightly acidic pH (4.6–5.8), which contributes to bactericidal and
fungicidal protection on its surface, and all formulated samples have an acidic pH,
and formulations C, D, E and F have skin-like pH.

The density of nanoemulsions as a function of time, measured at 25 °C, shows
values close to water 1.00 g/cm3 (major component), and the results obtained are
compatible [10]. All nanoemulsions obtained had a density lower than 1.0 g/cm3 and
the hydrolysis products presented a reduction, ranging from 0.82 to 0.90 g cm−1.

In optical microscopy (Fig. 7) (400x magnification), samples A (1% pseu-
doboehmite/Palmarosa), D (3% pseudoboehmita/Palmarosa) and E (5% pseu-
doboehmita/Palmarosa) were the ones with the highest uniformity, and sample D
was which presented beyond uniformity a good dispersion of the particles. Sample
F (5% pseudoboehmite/Rosa Mosqueta) presented the worst particle dispersion, as
well as low uniformity.
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Fig. 6 pH behavior over time
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Fig. 7 Microphotographs:
samples A (1%
pseudoboehmite/Palmarosa);
B (1% pseudoboehmite/Rosa
Mosqueta); C (3%
pseudoboehmite/Palmarosa);
D (3% pseudoboehmita/Rosa
Mosqueta); E (5%
pseudoboehmita/Palmarosa);
F (5% pseudoboehmita/Rosa
Mosqueta)

Characterization of Hydrogels Containing Different
Concentrations of Pseudoboehmite in Nanoemulsion

Isothermal dehydration (37 °C) with air drag was followed as a function of time
for hydrogels based on 7.5% PVP, 3.0% PEG and 1.0% agar plus the different
nanoemulsions obtained according to Table 2. Dehydration was measured every
20 min and the results are presented in Table 5.

By results, it was observed that in isothermal dehydration (37 °C), in air-entrained
greenhouse, the hydrogels presented very close dehydration percentages ranging
between 7 and 9%.

The greatest dehydration occurred in the HIX type and most presented 7%
dehydration as shown in Fig. 8.

The objective of this investigation was to verify if changes in the composition
of hydrogels interfere with dehydration behavior when in contact with human skin,
allowing varying the absorption time of the active. However, as noted, dehydration
in the range of interest for use as a topical product is independent of composition.

Dehydration as a function of time was measured every 30 days and the results
obtained are presented in Table 6 and Figs. 9 and 10.

Through the experiments, it was observed that: the HVI hydrogels presented the
lowest dehydration: hydrogels containing Palmarosa oil also lose less water when
the percentage of pseudoboehmite increases (hydrogels II, V and VIII); hydrogels
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Table 5 Variation in the percentage of isothermal dehydration of the obtained hydrogels

Hydrogels Time (min)

Dehydration (%) 0 20 40 60 80 100

HI 1 0.97 0.95 0.94 0.93 0.93

HII 1 0.97 0.94 0.92 0.92 0.92

HIII 1 0.96 0.95 0.93 0.93 0.93

HIV 1 0.96 0.94 0.93 0.93 0.93

HV 1 0.96 0.95 0.94 0.93 0.93

HVI 1 0.97 0.95 0.94 0.93 0.93

HVII 1 0.96 0.95 0.94 0.93 0.93

HVIII 1 0.96 0.95 0.94 0.93 0.93

HIX 1 0.97 0.96 0.95 0.91 0. 91

HX 1 0.96 0.93 0.92 0.92 0.92
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Fig. 8 Variation in the percentage of isothermal dehydration of the obtained hydrogels

IV, VII and X containing Palmarosa oil and Rosa Mosqueta oil increase dehydration
with increasing pseudoboemite concentration; the greatest dehydration was from
the composition with 1% pseudoboehmite and Rosa Mosqueta oil (hydrogel III)
and compared to hydrogel I without Palmarosa or Rosa Mosqueta oils, hydrogel V
suffered less dehydration.

Conclusions

From the obtained results, it can be concluded that: the hydrogel base compositions
with concentration of PVP (7% by mass), PEG (3% by mass) and agar (1% by
mass) are the most appropriate and the one with the worst performance is base-
hydrogel with concentration of PVP (10 wt%), PEG (3 wt%) and agar (1 wt%); the
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Table 6 Variation in the percentage of dehydration of hydrogels withmandelic acid nanoemulsions
containing different concentrations of pseudoboehmite as a function of time

Hydrogels Time (min)

Dehydration (%) 30 60 90 120 150

HI 2.63 4.28 5.94 7.91 6.73

HII 3.27 4.69 6.02 8.57 7.29

HIII 3.11 5.03 6.71 9.51 8.00

HIV 2.59 3.65 4.55 5.94 4.52

HV 2.27 3.21 4.01 5.27 4.28

HVI 1.44 3.06 4.14 5.23 4.64

HVII 1.63 2.80 4.30 5.74 5.15

HVIII 1.89 2.77 3.99 5.34 4.73

HIX 2.09 3.72 5.40 6.42 5.32

HX 1.60 2.66 4.05 6.00 6.08
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Fig. 9 Variationof dehydrationof hydrogelswithmandelic acid nanoemulsions containingdifferent
concentrations of pseudoboemite as a function of composition

nanoemulsions obtained presented acidic pH (compatible with that of the skin) with
density close to that of water and the nanoemulsions containing 3% pseudoboehmite
and Rosa Mosqueta vegetable oil presented the best homogeneity and uniformity;
and the hydrogel with different concentrations that presented the best performance
was the one containing 7.5 m%PVP and 5m% pseudoboehmite in the nanoemulsion
which presented the lowest degree of isothermal dehydration (37 °C).
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Chemical and Mineralogical
Characterization
of a Cuprite–Miargyrite Ore
and Proposal of Elimination
of Semimetals by Alkaline Bath

Aislinn Teja Ruiz, Kinardo Flores Castro, Migue Pérez Labra,
Martin Reyes Perez, Elia G. Palacios Beas, Víctor Esteban Reyes Cruz
and Julio Cesar Juárez Tapia

Abstract Complex sulfides such as pyrargyrite and miargyrite contain important
concentrations of silver. However, the presence of semimetals in its structure hin-
ders recovery by traditional methods. The present study shows the characterization
of a cuprite mineral with miargyrite inclusions, with the purpose of proposing the
oxidation and elimination of the antimony contained in the sulfosalt by means of
an alkaline bath. The chemical characterization of the mineral sample reported the
presence of Cu (58.6% Wt), Ag (4.4% Wt), Sb (3.8% Wt), As (1.1% Wt), and Zn
(0.2% Wt). The composition of the majority species was identified by the X-ray
Diffraction (XRD) technique, whereby it was confirmed that ore matrix corresponds
to Cu2O [96-900-5770] and AgSbS2 [96-900-2734]. Both species were identified
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using the Polarizing Light Microscopy (PLM) technique, and the elemental relation
presented in themappingwas obtained by Scanning ElectronMicroscopy-Dispersive
Energy Analysis (SEM-EDS). Both the metallic content and the trace species were
corroborated by the X-ray fluorescence (XRF) technique.

Keywords Characterization · Cuprite ·Miargyrite · Semimetals · Alkaline bath

Introduction

Copper ores are species commonly related to the formation of silver sulfosalts, which
have an extremely complex structure that makes it difficult to extract the metallic
content. Some of the most abundant gray coppers are polybasite and tetrahedrite,
species related to the formation of pyrite, chalcopyrite, marcasite, and Argentinian
galena [1]. However, the presence of simpler minerals such as covelite, digenite,
and cuprite functions as nuclei of mineralogical growth where the formation of
secondary minerals of greater structural complexity is generated, as is the case of
sulfosalts [2]. The type of deposits where this type of sulfosalts is found consists
mainly of quartz veins where the presence of simple iron and zinc sulfides scattered
[3, 4]. The existence of mineral species related to noble metals is commonly located
at greater depths of the deposit, and the process of mineral extraction decreases
its profitability by not achieving the efficient dissolution of silver concentrations,
promoting the permanence of complex species in metallic concentrates or leaching
wastes solids [5]. In search of alternatives that allow the extraction of metallic values
of these species, previous studies have determined that, when previously treating a
complex mineral rich in tetrahedrite, the extraction of semimetals such as antimony
and arsenic depends mainly on the concentration of sulfur and concentration of
hydroxide, as well as the influence of variables such as temperature and reaction time
on the efficiency of the dissolution process [6]. It is well known that gold is often
encapsulated by secondary sulfides such as arsenopyrite, so a previous oxidation
treatment is required for gold recovery, where the regulation of a highly alkaline
medium ensures the conversion into arsenic solution and the release of the precious
metal [7]. Authors such as B. Xu et al. and S. L. Mesa-Espitia et al. have also
proposed alkaline pretreatments that allow these sulfosalts to be oxidized by varying
factors such as the concentration ofNaOH, temperature, and pressure, with the aim of
obtaining simple minerals from complex minerals that can be leached by alternative
leaching processes [8, 9]. This study aims to identify the mineralogical species that
contains silver and check the dissolution of semimetals such as As and Sb through
the bath of highly alkaline solutions.
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Experimentation

Themineral sample was obtained from a sampling conducted in themining district of
Fresnillo, Zacatecas. This sample consisted of a single gray-reddish-colored crystal
with a thin mountain range of green hue, which was identified as malachite and
removed from the sample to avoid contaminationof the dusts subjected to the different
characterization techniques.

Said powders were reduced to 74 microns and subjected to an acid solution,
whereby a diluted solution was obtained that allowed the chemical analysis of the
sample through the technique of Induction-Coupled Plasma Emission Spectroscopy
(ICP) using a spectrometer, model PerkinElmer 8300. Subsequently, the powders of
cuprite samplewere analyzed usingX-ray Fluorescence (XRF) techniques, for which
the sample powders were analyzed using a X-ray Fluorescence spectrometer, model
Bruker S2 PUMAwith Palladium tube and X-ray Diffraction (XRD) technique using
a diffractometer, model INEL EQUINOX 2000 X-ray with a Cu–Ka1 radiation of
1,540,598, operating at 30 mA and 20 kV, 220 V and a resolution of 0.095 FWHM;
this with the purpose of corroborating the elementary content and identifying the
majority species of the sample, respectively. The mineralogical identification and
morphological description of the samplewere performed using the ScanningElectron
Microscopy—Energy Dispersion Analysis (SEM-EDS) techniques, using a JEOL
Scanning ElectronMicroscope, model JSM 6701F at 25 kV, and Optical Polarization
Microscopy (PLM) using a microscope, model BH41 with different magnifications.

The alkaline bath to which the powders of the mineral sample were subjected
were performed under the following experimental conditions: V = 0.25 L, mineral
= 8 gL−1, tr = 720 min, d0 = 74 µm, [NaOH] = 3 mol L−1, T = 338 K, and
RPM = 1000 min−1, and a glass reactor with a capacity of 0.3 L was used on a
Thermo Scientific Super-Nuova brand heating grill equipped with magnetic stirring.
The aliquots obtained from the reaction monitoring were analyzed using the ICP
technique, making readings for As, Sb, and Ag.

Results and Discussion

The results obtained from the chemical–mineralogical characterization and the elim-
ination of antimony and arsenic made to the cuprite sample obtained from the mining
district of Fresnillo, Zacatecas, are presented below.
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Fig. 1 Chemical analysis of
the mineral sample of cuprite
obtained by ICP

Induction-Coupled Plasma Emission Spectroscopy (ICP)

The chemical analysis performed on the powder sample using the ICP technique
reported aweight percentage equivalent to 58.6% of Cu, this being themost abundant
element in the mineral, as shown in Fig. 1.

The rest of the minoritary elements correspond to 4.4% of Ag and 3.8% of Sb,
elements related to the formation of complex sulfides, and associated with basemetal
sulfides. The presence of arsenic is also usually related to some sulfosalts, although
in aminimal quantity, since arsenic species such as proustite (Ag3AsS3) can be found
as inclusions of pyrargyrite (Ag3SbS3) and miargyrite (AgSbS2) [10–12].

X-Ray Fluorescence (XRF)

The elementary analysis obtained by the XRF technique allowed to identify, in addi-
tion to the abundant content of Cu, the presence of trace elements such as Al, Si, Ca,
and K, as observed in Table 1. The oxygen reading recorded a percentage in weight
of 21.80%; this element is mainly related to the cuprite species, which is the matrix
of the mineral sample. The content of Ag and Sb shows equivalent concentrations
with a slight increase in the content of Ag that is attributed to the presence of silver
sulfosalts related to a minor arsenic content.

X-Ray Diffraction (XRD)

The XRD technique identified that the majority species corresponds to a copper
oxide identified as cuprite ([96-900-5770]). The mineralogical species where the
majority silver content was identified corresponds to miargirite ([96-900-2734]), a
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Fig. 2 Diffractogram of the mineral sample of cuprite

double silver sulfide with antimony, which differs from the pyrargyrite by its lower
silver content (Fig. 2) [13, 14]. The contents of Sb and Ag reported by ICP and
XRF correspond stoichiometrically to the miargyrite specie identified through this
technique.

Polarization Optical Microscopy (PLM)

Figure 3 shows a micrograph obtained at 20×with polarized nicoles, where a matrix
of lumpy texture and dark hue corresponding to the cuprite species is observed.
In the micrograph, inclusions corresponding to quartz and fringes of clear hue
corresponding to the silver sulfosalt (miargyrite) are also observed.

Fig. 3 Micrograph of the
mineral sample of cuprite
obtained by PLM
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Scanning Electron Microscopy—Energy Dispersion Analysis
(SEM-EDS)

The morphology of the mineral sample has a surface with slight relief and homo-
geneous texture (Fig. 4a). The semi-quantitative analysis performed on the sample
reports mainly a metallic content corresponding to Cu, As, Sb, and Ag, as shown in
Fig. 4b.

In order to know the association of these elements in the sample, the mapping
technique was used by which the matrix of the mineral was corroborated (Fig. 5),
determining a specific relationship of the elements Cu and O, in addition to their
abundance in the same zone of the particle. The relationship between Ag and Sb is
disseminated, in addition to the minor presence of As [15, 16].

Fig. 4 a Micrograph obtained with backscattered electrons from the mineral sample of cuprite.
b Spectrum of dispersive energies obtained from the cuprite sample

Fig. 5 Mapping obtained from the mineral sample of cuprite
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Fig. 6 Conversion in
solution of semimetals
contained in silver sulfosalts

Dissolution of As, Sb, and Ag by Alkaline Baths

Through dissolution tests carried out in NaOH solutions, a greater dissolution of the
As semimetal was observed, reaching a solution conversion of 73%. In the case of Sb,
the semimetal that makes up the majoritary silver sulfosalt in mineral sample only
achieved the dissolution of 36% under the conditions established for experimental
tests. As shown in Fig. 6, the use of NaOH solution represents a feasible dissolution
medium for semimetal leaching; however, no silver conversion in solution is shown,
so it is assumed that said metal remains in the mineral sample as a species in solid
state.

Conclusions

Through the technique of ICP, XRF, and the analysis of dispersive energies by SEM-
EDS, it was possible to know and confirm the concentration of Sb, Ag, and S corre-
sponding to the complex sulfide, which is present in the cuprite sample from Zacate-
cas, Mexico. The elementary relationship and the stoichiometry of said sulfosalt,
identified asmiargyrite, were confirmed by themapping technique by SEM-EDS and
the diffractogram obtained by XRD, respectively. The matrix of the mineral sample
was identified as cuprite, a copper oxide, whose elemental content was reported in the
chemical analysis and XRF technique, in addition to the presence of trace elements
that reveal the presence of silicates. The micrograph obtained by PLM shows the
association of the cuprite species as a matrix of the mineral and the double sulfide
of silver and antimony, the latter being differentiated, by the contrast of a smooth
texture and clear tones. Through most of the techniques used, the presence of As
is observed in low concentrations; however, the SEM-EDS mapping technique con-
firms the presence of the semimetal associated mainly to areas where the contents of
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Sb and Ag predominate. The NaOH solution has a greater efficiency for the dissolu-
tion of As than for the dissolution of Sb, making it a feasible alternative for complex
arsenic species related to noble metals such as silver. Although the dissolution of Sb
is less, the kinetic study of the reaction could establish optimal operating conditions.
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Chemical Characterization
and Mineralogical Analysis
of Mining-Metallurgical Tailing
from the State of Morelos

Jesús Iván Martínez Soto, Aislinn Michelle Teja Ruiz, Martin Reyes Perez,
Migue Pérez Labra, Víctor Esteban Reyes Cruz, José A. Cobos Murcía,
Gustavo Urbano Reyes and Julio Cesar Juárez Tapia

Abstract The benefit of noble metals, such as silver contained in mining-
metallurgical waste, is considered a challenge for the metallurgist because they are
low-grade minerals, fine granulometry, and complex minerals by their refractori-
ness. To address this problem, a tailings characterization of the state of Morelos
was carried out, using techniques such as atomic absorption spectrophotometry and
Induction Coupled Plasma Emission Spectrometry that gave similar silver concen-
trations of 104.8 and 106 g ton−1, respectively. In addition, a XRD study was carried
out, which identified the presence of Xancotonite, in addition to Cu and Fe sulfides,
and both species are contained in a silicon matrix. To abound in the mineralogical
study, samples were observed in optical microscopy revealing mainly pyrite associ-
ated with quartz, sphalerite, arsenopyrite, and some particles with the appearance of
a sulfosal, which were confirmed through SEM since elements such as S, Ag, As,
and Sb were revealed through microanalysis to different particles.
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Keywords Mining waste · Chemical characterization ·Mineralogical
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Introduction

Usually, the studies carried out to assess a mineral deposit imply knowing only the
concentration of metallic values, without giving greater importance to the miner-
alogical characterization, which is very relevant, because it allows the identification
of mineral species and the associations between them. Additionally, the elementary
analysis performed by techniques such as atomic absorption spectroscopy (AAS) and
Induction Coupled Plasma Emission Spectrometry (ICP), it is necessary to use other
conventional techniques such as polarization optical microscopy (LPM) and Scan-
ning Electron Microscopy with dispersive energy analyzer (SEM-EDS), in order to
corroborate the information obtained by the rest of the techniques, since these are last
allow the observation of the metallic values that are usually occluded within other
mineral species such as pyrite, galena, or quartz, thus confirming the mineralogi-
cal associations [1]. Due to the above, it is very important to carry out a thorough
study on the chemical and mineralogical characterization of rawmaterials (minerals,
concentrates, metallurgical residues, etc.) that contain metallic values of interest for
their extraction [2, 3].

At present, there is a deficit to meet the demand for noble metals of simple
minerals, due to the massive exploitation of Au–Ag–Cu–Zn deposits, which has
led to the search for alternatives to recover these metals [4]. Although there are
options, such as recycling, re-extraction of mining waste [5, 6] through leaching with
pretreatments, which represents an important source of recovery, based on the fact
that there is a large amount of residueswith important values of gold and silver,metals
that remain in the residues because the minerals benefited through conventional
metallurgical processes did not achieve a complete dissolution of these values [7,
8]. Additionally by having a metallurgical mining residue for the development of
this research, it is inevitable to address the issue of contamination and the benefits
obtained by reprocessing and removing these wastes due to their negative impact on
the environment [6, 9].

Nowadays, it is possible to achieve a profitable recovery of these precious metals,
using alternative metallurgical processes, capable of extracting a significant percent-
age of themetallic content; however, the reprocessing of these residues still represents
a challenge for metallurgy because the noble metals are related to other elements or
encapsulated in more complex mineral species [10]. With respect to this, the disso-
lution of silver contained in mining waste with concentrations of 71 gr Ag ton−1 has
been reported in previous works, reaching maximum solutions of 97% by means of
the copelation technique [11].

On the other hand, Alp et al., analyzed the influence of pretreatment with potas-
sium hydroxide with a concentration of 5 mol L−1 at a temperature of 80 °C in the
extraction of gold and silver from a refractory mineral leading to recoveries of 49.3%



Chemical Characterization and Mineralogical Analysis … 503

and 18.7% to 87.6 and 94.5%, respectively, by removing antimony from the mineral
which is the reason for the refractory nature of it [8].

Unlike previous work, Li et al., in 2016, carried out the extraction of silver to
a refractory mineral with a low Au–Ag law through a cyanidation process and a
pretreatment of reductive leaching in the presence of copper, in alkaline solution of
ammonium and ammonium sulfate, with concentrations of 2 mol L−1 and 1 mol L−1,
respectively, 4 g of copper wire and using a stirring speed of 300 min−1 over a period
of 4 h, obtaining a recovery of 78.96% [12].

Subsequently, Celep et al., in the year 2019, by means of an analysis of mineral
release and a diagnostic leaching, subjected an extremely complex arsenical silver
ore to an ultra-fine grinding of up to 8 µm leading to cyanide leaching 71–84%
recovery [13].

The purpose of this study is to obtain detailed information on gold and silver
concentrations through quantitative techniques, as well as mineral associations for
the evaluation ofmetallurgicalminingwaste (minewastes), from the state ofMorelos,
for possible generation of a proposal viable of silver recovery.

Experimental Methodology

The samplingof theminewasteswas carried out in the state ofMorelos,Mexico, these
mining wastes were homogenized, and using the method of quarter, a representative
sample was obtained to perform the chemical-mineralogical characterization and the
granulometric analysis.

The chemical analysis was performed using the atomic absorption spectropho-
tometry (AAS) technique, using a Perkin Elmer Analyst 200 model, and using an
air-acetylene flame. To complement the chemical characterization, the sample was
analyzed by the X-ray Fluorescence (XRF) technique, and the equipment used was
a Bruker X-ray fluorescence spectrometer model S2 PUMA with palladium tube.

Through the X-ray Diffraction (XRD) technique, the majority mineral species
were identified, using an X-ray diffractometer, INEL EQUINOX 2000, with a Co-
Ka1 radiation (1.789010Å), operated under the following analysis conditions: 30mA
and 20 kV, voltage of 220 V, and resolution of 0.095 FWHM.

In order to identify the mineralogical constituents of mining waste, their particle
sizes and textures, a cold stuffed sample was prepared in epoxy resin, which was
roughened in abrasive paper and polished with 6 and 1 µm diamond paste, until
obtaining a flat and polished surface with mirror finish, to later be observed with an
Olympus polarization optical microscope model BH41 at different magnifications.

To deepen in the identification of the presence of silver and elements associated
with the preciousmetal, several specific analyzeswere carried out on various particles
of the order of 10 µm using the Scanning Electron Microscopy technique with
dispersive energy analyzer (SEM-EDS), using a JEOL brand equipment model JSM
6701F at 25 kV and different magnifications.
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On the other hand, to determine the distribution by size of the particles present
in the mine wastes, a granulometric analysis was carried out by dry route. 100 g
of sample were weighed on an analytical balance, which was deposited in the Tyler
series sieves, ordered in descending order of the following mesh numbering, 65, 100,
150, 200, 325, and 400. The fractions obtained were heavy, subsequently dissolved
with 0.01 L of perchloric acid for 15 min at a temperature of 200 °C, and finally
allowed to cool for 20 min, and the final solution was filtered, brought out at 0.1
L, and analyzed by the Plasma Emission Spectrometry technique Induction coupled
(ICP) using a Perkin Elmer model 8300 spectrometer; to determine the silver content
for each particle size, the sample was bounded. The above with the purpose of
determining the distribution of the precious metal for its subsequent metallurgical
process.

Results

The chemical and mineralogical characterization carried out on the sample of
mine wastes from the state of Morelos, Mexico, and the results obtained from the
granulometric analysis are presented below.

Granulometric Chemical Analysis

The results of the granulometric chemical analysis of the mineral revealed that the
highest silver content (54.61%) is present in the −400# mesh, equivalent to particle
diameters smaller than 37 µm (Table 1). This particle size is peculiarly fine for
the metallurgical extraction of the metallic content, either by hydrometallurgical or
pyrometallurgical route, so when discarding this particle diameter, it is attributed that
the ideal particle size for conducting experimental tests is 44 µm (−200 + 325#)
where a distribution of silver of 19.35% is observed [14].

Chemical Characterization

Atomic Absorption Spectroscopy (AAS)

The chemical analysis performed on the sample of tailings revealed a majority Fe
content corresponding to 2.73% followed by the minor concentration of base metals
such as Cu and Zn. The presence of noble metals was also identified, where the
concentration of Ag corresponding to 104.8 g ton−1 stands out, as can be seen in
Table 2.
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Table 1 Granulometric chemical analysis, mining waste from Morelos

Sample mining waste Morelos

Product % % Test Distribution

Ag Au Ag Au

Mesh Microns Weight Accumulative
(–)

(g ton−1) (g
ton−1)

% %

+65# 220 0 100 0 0 0 0

−65 +
100#

149 14.46 85.54 32.50 0.05 4.24 5.882

−100 +
150#

105 10.41 75.13 77.80 0.07 7.30 6.723

−150 +
200#

74 10.26 64.87 117.80 0.07 10.89 6.723

−200 +
325#

44 15.07 49.80 142.50 0.16 19.35 21.008

−325 +
400#

37 3.25 46.55 123.20 0.18 3.61 5.042

−400# 46.55 130.20 0.14 54.61 54.622

F80 = 124.38 100.00 CAB. CALC. 110.967 0.119 100.00 100.00

CAB. ENS. 112.00 0.120

Table 2 Chemical
composition, mining waste
from Morelos

Element Percentage

Fe 2.7395

Cu 0.0238

Zn 0.3565

Ag 0.0104

Induction Coupled Plasma Emission Spectrophotometry (ICP)

In order to corroborate the concentration of noble metals in the tailings, the ICP
technique was applied, which confirmed that silver and gold values are similar to
those obtained by the AAS technique, which is shown in Table 3.

Table 3 Concentration of
base metals contained in the
sample of mining waste

Element Concentration

Silver 106 g ton−1

Gold 0.14 g ton−1
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Table 4 Elementary content of the mining waste sample

Element Al Si Mn S Fe K Ca Ti

% Wt 0.47 6.25 0.1 0.06 3.97 2.51 2.25 0.15

Element Rb Au Fe Ag Sb Cu Zn As

% Wt 0.01 0.0013 3.97 0.0104 0.0049 0.02 0.32 0.0141

3X-Ray Fluorescence (XRF)

To complement the chemical characterization, the XRF technique was used, which
corroborates the concentrations of Ag, Au, Zn, Cu, and Fe, obtained byAAS and ICP.
In addition to the presence and concentration of elements related to Ag (0.0104%
Wt) such as As (0.0142%Wt) and Sb (0.005%Wt), suggesting the presence of silver
sulfosalts in the tailings, as can be seen in Table 4. It is worth mentioning that these
results are only from the analysis of minor elements and traces, which is why 100%
of the elements are not presented.

Mineralogical Characterization

X-Ray Diffraction (XRD)

This technique identified the presence of a metallic species corresponding to an
Argentine antimony sulfide identified as pyrargirite (Ag3SbS3) [96-900-9267],which
is contained in a silicon matrix (SiO2) [96-901-3322], as seen in Fig. 1, where quartz

Fig. 1 X-ray diffractogram,
sample of mining waste from
Morelos
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Fig. 2 Micrographs obtained at 20 X, sample of mining waste from Morelos. a Sulfosal,
b Chalcopyrite, c Sulfosal, d Arsenopyrite, e Sphalerite, and f Pyrite

is presented asmajority species of theminewastes sample and shows the presence of a
other gangue species such as potassium silicoaluminates (AlKO8Si3) [96-900-6349]
[15].

Polarization Optical Microscopy (LPM)

Through LPM, it was possible to identify abundant fragments of quartz, silicates, and
little metallic mineralization. Said mineralization consists mainly of pyrite (FeS2)
associated with quartz (SiO2), sphalerite (ZnS), and arsenopyrite (FeAsS). Due
mainly to the fine size of the sample, the morphology, the texture and the coloration,
it was possible to identify some sulfosal particles as seen in Fig. 2a, c.

Scanning Electron Microscopy (MEB-EDS)

Using the gray-scale contrast, the micrographs presented in Figs. 3 and 4 were
obtained, in which an irregular and varied morphology can be observed in the sample
of tailings, composed mainly of C, O, Al, Si, S, Ag, and Sb, and according to the
results obtained from the X-ray microanalysis presented in Figs. 3b and 4b, it is
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Fig. 3 a and bMicrograph with backscattered electrons and X-ray microanalysis, respectively, of
the Morelos mining waste sample

Fig. 4 a and bMicrograph with backscattered electrons and X-ray microanalysis, respectively, of
the Morelos mining waste sample

important to note that these results are consistent with those obtained in the chemical
analysis performed by ICP, where the presence is reported Sb and Ag [16].

Through the use of backscattered electrons, metal particles of different densities
were identified, corresponding to the mineral species that contain silver. According
to the literature and the results obtained, it can be determined that mineral species
that contain silver correspond to simple sulfides such as argentite or acantite, as well
as more complex species known and identified as sulfosalt of arsenic and antimony
argentiferous, as confirmed by microanalysis of X-ray. Another aspect that should
also be highlighted is that the silver particles are occluded in different galena and
silicon matrices, which make the leaching process difficult because the leaching
agent interacts partially with the particles of silver.
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Conclusion

Granulometric analysis revealed a higher concentration of Ag contained at −400
mesh (<37 µm) with a weight percentage of 46.55%; however, the use of 44 µm
particles (weight percentage equivalent to 15.07%) reduces the risk of agglomerates
in hydrometallurgical treatments. The content of 104.8 g Ag ton−1, the significant
content of Fe (2.73%Wt), and the abundant presence of trace elements were corrob-
orated by AAS and ICP, to later complement the chemical analysis of the sample of
tailings by XRF, confirming the association of Ag, As, Sb, Au, Zn, Cu, and Fe.

Through LPM, it was possible to identify the presence of a sulfosal where an
irregular and varied morphology was observed, which was an analysis consistent
with the results obtained in SEM-EDS that allowed to observe the presence of Sb
and Ag.

The chemical, mineralogical, and granulometric characterization of the mine
wastes from the state of Morelos showed silver contents mainly associated with a
sulfosal called pyrargirite (Ag3SbS3) and simple sulfides such as argentite and acan-
tite (Ag2S) occluded in a silicon matrix. The presence of potassium silicoaluminates
(AlKO8Si3) was also observed, by XRD.
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Development and Characterization
of a Luminescent Coating for Asphalt
Pavements

Elkin I. Gutiérrez and Henry A. Colorado

Abstract In the present study, the performance of a photoluminescent asphalt coat-
ing made from recycled expanded polystyrene (EPS) and strontium aluminate par-
ticles deposited on asphalt pavements was characterized and evaluated, in order to
give an alternative use to the problem which represents the large volumes of ESP
in landfills worldwide. This study used two solvent mixtures for the degradation of
recycled EPS: ethyl acetate and acetone. The characterization was conducted using
scanning electron microscopy and tensile and shear tests. The purpose of this work
was to develop a coating with particles that absorb light from the sun and became
activated during the night. It is expected that this coating can be used in the demar-
cation of roads in order to improve road safety, reduce energy consumption at night,
and give aesthetics to the roads, producing artificial lighting that does not generate
electricity consumption.

Keywords Expanded polystyrene · Recycling · Strontium aluminate · Asphalt
coating

Introduction

Expanded polystyrene (EPS) is one of the most widely produced basic polymer
products in theworld due to its versatile application in different fields [1]. TheEPShas
a coefficient of thermal conductivity of 0.03W/mK,which has led to its extensive use
for thermal insulation purposes [2]. Another important application is the packaging
of food, electronic products, and other fragile materials due to its low density. The
EPS, which is often used as packaging, contains 98% air and 2% polystyrene (PS).
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This material occupies large landfill space and is not biodegradable, being also an
important component of urban waste and marine debris. Because it has a very low
density (<50 kg/m3), it spreads easily due towind, which increases the environmental
pollution [3]. EPS waste recycling has recently received great attention worldwide
due to changes in regulatory standards and its associated environmental issues.

The two main approaches used to manage polystyrene waste are (i) energy recy-
cling, where waste is incinerated [4] and (ii) mechanical recycling, where waste
is recycled into secondary raw materials without changing the basic structure [5].
The incineration of PS can produce dangerous chemicals. In mechanical recycling,
the process of recovering these wastes is usually more expensive than producing
virgin plastic. These recycling processes are also not economical due to the cost
of transportation involved due to the voluminous nature of the material. Therefore,
the recycling of EPS in products with good economic value and appreciable end
use is highly necessary. Taking these facts into account, other processing routes are
explored to reduce the cost and environmental impact of the recycling process. One
of the methods by which this can be achieved is by dissolving EPS in suitable sol-
vents and having processes that transport themoving process equipment to reduce the
transport of EPS. Through thismethod, it can be obtained a volume reduction ofmore
than 100 times and a recovery of PS in forms such as foams, nano/microparticles,
laminates, and other materials [6–8].

On another hand, there are several materials that have been used as luminous
materials for various applications. Particularly, strontium aluminate particles have
been used on asphalt surfaces, applied in coatings, and this is because these particles
have luminescence by UV radiation, and with the addition of doping elements can
also have mechano-luminescence, caused by mechanical deformations [9–11].

Materials with photoluminescent properties are widely used in light paints,
textiles, and safety notices. Strontium aluminate is commonly used doped with
Europium (Eu2+) and Disprocio (Dy3+), and its phosphorescent properties can be
enhanced by co-doping with ions such as rare earths or other metal ions [11, 12]. The
properties that highlight thesematerials are high radiation intensity, color purity, high
luminescence, chemical, and non-radioactive stability [13]. However, these particles
are sensitive to environmental conditions and may lose photoluminescent proper-
ties due to oxidation, which is why they are often dispersed or coated in a polymer
matrix, which can greatly increase the stability of the compounds. Bem et al. [13]
made compounds of strontium aluminate doped with Europium and Dysprosium,
in a low density polyethylene matrix. The results showed that the particles slightly
decreased the crystallinity of the polymer but considerably improved its stability,
which is attributed to the immobilization of the polymer chains. The objective of this
study is to give an alternative use to EPS waste (Fig. 1a).
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Fig. 1 EPS waste and its degradation process in the solvent

Materials and Methods

The EPS used for this study was taken from clean EPS food containers (Fig. 1b),
which were manually crushed and subsequently degraded in the solvent until a
homogeneous precipitate was obtained. Then, the excess of solvent was removed
(Fig. 1c).

The degradation of EPS was carried out by mixing mixtures of two solvents
commonly used in the degradation of polystyrene: acetone and ethyl acetate.

According to preliminary tests, it was observed that the solution in pure acetone
produces a thicker and more opaque precipitate than that obtained using pure ethyl
acetate; however, the adhesive characteristics of pure ethyl acetate did not show a
good performance. Therefore, mixtures of ethyl acetate (EA) and acetone (Ace) were
made in different proportions, in order to establish that the proportion of solvents has
better characteristics in termsof adhesiveness and translucencyof theEPSprecipitate.
For this, a design of experiments was carried out to establish a solvent with good
characteristics to be used as the basis for an asphalt coating. The proportions and
solvents used in this experimental design are presented in Table 1.

From the solvents obtained, tensile and shear tests were performed in order to
establish the adhesive characteristics of the resulting EPS precipitate. For standard
stress tests, the standard AASHTO TP-XX-11 (Standard Method of Test for Deter-
miningAsphalt BinderBondStrength byMeans of theBitumenBondStrength (BBS)
Test) was used, while for the performance of shear stress tests, the ASTM D1002

Table 1 Design of
experiments to establish the
volume proportions of the
solvent for the degradation of
EPS

Designation Ethyl acetate (%) Acetone (%)

EA80 80 20

EA50 50 50

EA20 20 80
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Table 2 Design of
experiments for the
determination of the
persistence time and the
degree of luminosity of the
projected coating

Designation Solvent composition Weight of SA (%)

AE50SA5 EA 50% Ace 50% 5

AE80SA5 EA 80% Ace 20% 5

AE100SA5 EA 100% Ace 0% 5

AE50SA10 EA 50% Ace 50% 10

AE80SA10 EA 80% Ace 20% 10

AE100SA10 EA 100% Ace 0% 10

AE50SA20 EA 50% Ace 50% 20

AE80SA20 EA 80% Ace 20% 20

AE100SA20 EA 100% Ace 0% 20

(Standard Test Method for Apparent Shear Strength of Single-Lap-Joint Adhesively
BondedMetal Specimens by Tension Loading (Metal-to-Metal)) was used. The tests
have two replicas for each condition, in order to quantify the average values and the
standard deviations of the measurements made.

Additionally, a characterization of the strontium aluminate used in the develop-
ment of the proposed asphaltic coating was carried out, and subsequently, based on
the adhesion results previously obtained, a design of experiments was considered in
which the weight percentage aluminate was taken into consideration in relation to
the content by weight of EPS precipitates (obtained with the solvent mixtures). This
procedure was followed in order to establish the appropriate ratio of EPS/strontium
aluminate precipitate that allows obtaining an adequate light intensity and the per-
sistence time of luminescence in the coating. The design of experiments projected
to determine the luminosity and the persistence time of this is presented in Table 2.

The shear and tensile tests were conducted in a Shimadzu AG250KN universal
testingmachine at 1 mm/min crosshead speed. Scanning electronmicroscopy (SEM)
images were obtained in a JEOL JSM 6700R operated in high vacuum mode, in
samples coated with a thin film of gold.

Results and Discussion

The residues obtained with the different solvent mixtures generate a significant
amount of bubbles during the solidification process. In Fig. 2, the appearance of the
bubbles generated by using the solvent mixtures referred to in Table 1 is presented.

The tensile tests were performed based on the AASHTO TP-XX-11 standard.
This test method quantifies the tensile force necessary to remove a piece (pullout
stub) adhered to a solid substrate with asphalt binder. The samples were prepared
under ambient conditions of temperature (23 °C) and relative humidity (69%). The
assembly used to perform the stress tests as well as the post-removal state of the
pullout stub is shown in Fig. 3a. In these tests, it is evidenced that all the failures
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Fig. 2 Bubble formation during the solidification process

Fig. 3 Assembly used in tension and shear tests

were caused by adhesive failure. Similarly, in Fig. 3b, the assembly used and the
state of two samples are shown after the shear stress test. In this figure, it can be seen
how the EPS precipitate used as an asphalt adhesive produces a tear of the asphalt
substrate, which infers that some of the EPS precipitates exhibit a fracture of the
substrate, so that the asphalt coating would be oversized for application.

The results obtained in the stress and shear stress tests are shown in Fig. 4, and
the means and their standard deviations are shown in Table 3.

The previous results show that solvent mixtures with a higher proportion of ace-
tone provide EPS precipitates with good adhesion. However, for the shear stress tests
adhesion, a fracture of the asphalt substrate appeared, which is not desirable for this
application.

Figure 5 shows strontium aluminate microparticles obtained with the scanning
electron microscopy. The images revealed the particles size ranged from about 2–
30 µm, with an amorphous morphology.
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Fig. 4 Maximum load results. a in tension tests, b in shear stress tests

Table 3 Results obtained in tension and shear stress tests

Solvent composition Tension test Shear test

Mean Std. dev. Mean Std. dev.

EA80 199.8 69.4 190.7 92.3

EA50 306.8 154.4 294.0 45.1

EA20 466.0 154.3 339.9 121.0

Fig. 5 Scanning electron microscopy images for the strontium aluminate particles

Finally, the coating samples were prepared using the design of experiments
proposed in Table 2. The samples prepared are shown in Fig. 6.

The overall results suggest that several transparent or semitransparent polymer
derived waste materials and resins can be used in combination with fluorescent
particles aiming its use in infrastructure applications. Among those, Poly-DCPD [14]
vinyl ester [15], epoxy resin [16] PET [17], and PP [18] particle matrix composites
can be used. It also can be combined with other photoluminescence materials [19].
Therefore, there is a great possibility of using a large amount of recycled expanded
polystyrene (EPS) in replacing electric road lighting or in not heavy traffic roads
that require less illumination. Therefore, there are two contributions for a better
environment: a new use for a solid waste and the reduction in the electrical energy
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Fig. 6 Samples made using
different proportions by
weight of strontium
aluminate

consumption by putting fluorescence materials that operate only with the sunlight
and with the cars lights.

Summary

The present investigation has shown novel result regarding the use of a problematic
and harmful solid waste available worldwide: expanded polystyrene (EPS) waste.
This recycled EPS was used in combination with strontium aluminate as lumines-
cence particles. These particles gave the composite properties of a multifunctional
material, not only giving a solution for thewaste, but also contributing for the lighting
of remote area rods that require illumination and also in potentially reducing the need
of electrical power, which certainly is a need nowadays with the issues associated
with the increasing pollution. The mechanical properties of the filmwere acceptable,
and all the manufactured system requires further investigation and optimization.
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Effect of Alloying Elements on Age
Hardening and Coarsening of β′
Precipitates in Isothermally Aged
Fe–Ni–Al Based Alloys

Victor M. Lopez-Hirata, Hector J. Dorantes-Rosales,
Nicolas Cayetano-Castro, Maribel L. Saucedo-Muñoz
and Jose D. Villegas-Cardenas

Abstract Precipitation and coarsening processes of Fe-10 at.% Ni-15 at.% Al, Fe-
10 at.% Ni-15 at.% Al-1 at.% Cr, and Fe-10 at.% Ni-15 at.% Al-1 at.% Cu alloys
were carried out during isothermal aging at temperatures of 750, 850, and 950 °C
using experimental and numerical analysis methods. Thermo-Calc numerical results
indicated that the Cu addition promoted higher volume fraction of β′ precipitates,
which caused better response to the age hardening than the other two alloys. The
coarsening resistance was also detected to be higher for the Cu-containing alloy in
comparison with the other alloys because of its lower solubility and volume diffusion
in the ferrite matrix. The Cu and Cr alloying elements were observed to be located in
the precipitate and matrix, respectively, according to their expected thermodynamic
behavior.

Keywords Fe–Ni–Al alloys · β′ precipitation hardening · Cu and Cr additions ·
Aging · Thermo-Calc

Introduction

Fe–Ni–Al based alloys are important for the development of different engineering
alloys such as PH stainless steels and Fe–Cr–Ni–Al alloys. [1]. They have been
selected to fabricate industrial components which require a good combination of
mechanical strength and oxidation resistance at temperatures of about 800 °C [1, 2].
Their enhanced mechanical strength is promoted by a hardening precipitation treat-
ment which is related to the formation of an ordered NiAl-type phase with a B2
(CsCl) crystalline structure, designated as the β′ phase [3, 4]. Another advantage of
Fe–Ni–Al alloys is their density of approximately 5.7 g/cm3 in comparison with that
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of Ni based super alloys, about 8 g/cm3. As mentioned previously, the mechanical
strength of this type of alloy is usually obtained by forming coherent precipitates in
a soft matrix. Likewise, the mechanical properties of precipitation hardened alloys
are closely related to the morphology, spatial distribution, volumetric fraction, and
average radius of the precipitated particles in thematrix phase. Thesemicrostructural
characteristics can be controlled bymeans of agingheat treatments; nevertheless, they
are also changed during the operation of industrial components at high temperatures
for prolonged times [3].

The precipitate coarsening of alloys is a metallurgical phenomenon, which occurs
at high temperatures, and it involves the dissolution of small precipitates and sub-
sequently atomic diffusion to the larger precipitates during aging process. This
phenomenon, also known as Ostwald ripening, has a considerable effect on the
alloys’ mechanical properties [4]. The Lifshitz–Slyozov–Wagner (LSW) theory for
diffusion-controlled coarsening predicts growth kinetics dependence with time, t,
of t1/3 considering spherical precipitates without elastic interaction with the matrix
phase, equilibrium matrix composition near zero, and precipitate volume fraction
close to zero [5, 6].

Additionally, several studies for precipitation process have been carried out in Fe–
Ni–Al based alloys. Results have shown that the coarsening growth kinetics of the
NiAl-type β′ phase precipitation in a Fe-richmatrix phase follows the LSW theory for
diffusion-controlled coarsening [5, 6]. Furthermore, the addition of alloying elements
such as Cr and Cu has been shown [7] to have influence on the coarsening kinetics
of these alloys.

The application of Thermo-Calc software has been recently [7, 8] applied success-
fully to analyze the precipitation process of different alloy systems. Therefore, the
purpose of the present work is to analyze the precipitation and coarsening processes
of β′ precipitates in a ferritic matrix for the Fe-10 at.% Ni-15 at.% Al, Fe-10 at.%
Ni-15 at.% Al-1 at.% Cr, and Fe-10 at.% Ni-15 at.% Al-1 at.% Cu alloys aged artifi-
cially at high temperatures to understand its effect on aging hardness using numerical
and experimental methods.

Experimental Procedure

Three alloy compositions, Fe-10 at.% Ni-15 at.% Al, Fe-10 at.% Ni-15 at.% Al-1
at.% Cr, and Fe-10 at.% Ni-15 at.% Al-1 at.% Cu, were melted with an electric arc
furnace under an argon atmosphere using high-purity Fe (99.9%), Ni (99.99%), Al
(99.7%), Cu (99.99%), and Cr (99.9%). The chemical composition of alloys was
verified pursuing the chemical analysis by the atomic absorption method. The actual
composition was very close to the nominal one,±0.5%. The alloy ingots were heated
at 1100 °C for one week to destroy the as-cast microstructure and to homogenize the
chemical composition. Specimens of 30mm× 30mm× 10mmwere cut and encap-
sulated in a quartz tube under argon atmosphere to conduct the solution treatment at
1100 °C for 1 h, and then aged at 750, 850, and 950 °C for times from 5 to 1500 h. The
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solution treated and aged specimens were prepared metallographically and etched
with an etchant composed of 2 vol% nitric acid in methanol and then observed with a
scanning electron microscope (SEM) equipped with an energy dispersive spectrom-
eter (EDS) at 25 kV. The equivalent radius of precipitates was measured by means
of the precipitate area on SEM images with an image analyzing system. In order to
get representative data, 200 measurements were pursued in different zones of the
specimens. These measurements mainly corresponded to precipitates with a cuboid
morphology. Scanning transmission electron microscopy (STEM) analysis of some
aged specimens was carried out with a high-angular annular dark field (HAADF)
detector to obtain a Z-contrast, and it was combined with STEM-EDS analysis to
know the distribution of chemical elements in matrix and precipitates of some aged
specimens. The Vickers hardness, HV 0.1 kg/12 s, was measured in all the aged
specimens.

Numerical Procedure

The analysis of phase stability was conducted using Thermo-Calc (TC) Software
along with the thermodynamic database for Ni based alloys [8]. To simulate with
Thermo-Calc, the chemical composition and temperature are usually specified. This
software also enables us to determine the coarsening rate constant based on the LSW
theory and the interfacial free energy between matrix and precipitate based on the
nearest-neighbor broken-bond model [9].

Results and Discussion

Thermodynamic Stability of Phases and Interfaces

Figure 1a–c shows the equilibrium pseudo-ternary Fe–Ni–Al phase diagrams at
850 °C for the Fe-10 at.% Ni-15 at.% Al, Fe-10 at.% Ni-15 at.% Al-1 at.% Cu,
and Fe-10 at.% Ni-15 at.% Al-1 at.% Cr alloys, respectively. These diagrams show
the presence of the following phases: bcc α ferrite, fcc γ austenite, β′ phase, and γ′
phase. The γ austenite phase becomes more stable as the Ni content increases, while
the ferrite and β′ phases are more stable with the increase in Al content. The γ′ phase
is present as both the Al and Ni contents increase. The alloy compositions of the
present work are located in the phase field of the α ferrite and β′ phases, indicated
by a black circle in Fig. 1a–c. The addition of 1 at.% Cr slightly decreases the field
of α + β′ phases, while the contrary effect is observed for the 1 at.% Cu addition.
This behavior was also observed at higher temperatures.

The amount of all phase in equilibrium versus temperature is shown in Fig. 2a–c
for the Fe-10 at.% Ni-15 at.% Al, Fe-10 at.% Ni-15 at.% Al-1 at.% Cu, and Fe-10
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Table 1 Equilibrium chemical composition of the α and β′ phases at 750 °C

Alloy α phase

at.% Fe at.% Ni at.% Al at.% Cr at.% Cu

Fe-10 at.% Ni-15 at.% Al 83.48 4.96 11.54 – –

Fe-10 at.% Ni-15 at.% Al-1at.% Cr 82.47 4.91 11.48 1.12 –

Fe-10 at.% Ni-15 at.% Al-1 at.% Cu 83.74 4.68 11.21 – 0.43

Alloy β′ phase
Fe-10 at.% Ni-15 at.% Al 37.48 42.76 19.76 – –

Fe-10 at.% Ni-15 at.% Al-1 at.% Cr 19.38 42.83 37.67 0.11 –

Fe-10 at.% Ni-15 at.% Al-1 at.% Cu 17.14 41.05 37.08 – 6.44

at.% Ni-15 at.% Al-1 at.% Cr alloys, respectively. These figures indicate that the
ferrite phase is stable at temperatures higher than approximately 1050 °C for the
three alloys. As temperature decreases, the following phase reaction takes place:

α → α + β′ (1)

That is, the β′ phase precipitates in the α ferrite phase. Table 1 indicates, for
instance, the equilibrium composition of the α and β′ phases at 750 °C. It can be
confirmed that Cu is dissolved in the β′ phase, while Cr is contained in the α ferrite
matrix phase. This fact was also observed to occur at temperatures of 850 and 950 °C.
Furthermore, the Fe content of the β′ precipitates decreases notably with the addition
of Cr or Cu and with the decrease in temperature. Another interesting point is that
the largest volume fraction of the β′ precipitate is formed for the Cu-containing alloy,
while the smallest amount is obtained for the ternary alloy. This suggests that the Cu
addition favors the precipitation of the β′ phase, which can be attributable to the lower
solubility of precipitates, since it promotes a higher solute supersaturation enhancing
the driving force of precipitation in spite of the high interfacial free energy [6], as
will be shown later.

Microstructure Characterization of β ′ Precipitates

SEMmicrographs of the precipitation evolution are shown in Fig. 3a–f for the Fe-10
at.% Ni-15 at.% Al, Fe-10 at.% Ni-15 at.% Al-1 at.% Cu, and Fe-10 at.% Ni-15 at.%
Al-1 at.% Cr alloys, respectively, aged at 750 °C for 200 and 500 h. The morphology
of theβ′ precipitates is spheroidal for the three alloys aged at all aging temperatures for
very short times, shorter than 25 h, because the interfacial free energy γ is higher than
the elastic-strain energy.As the aging progresses, the precipitatemorphology changes
to rounded cuboids due to the increase in elastic-strain energy [6]. The straight sides of
cuboid precipitates suggest the presence of a coherent interface between precipitates
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Fig. 3 SEMmicrographs of the precipitation evolution for a, b the Fe-10 at.% Ni-15 at.% Al alloy,
b, c Fe-10 at.% Ni-15 at.% Al-1 at.% Cu alloy, and e, f Fe-10 at.% Ni-15 at.% Al-1 at.% Cu alloy
aged at 750 °C for 200 and 500 h, respectively

and matrix, and thus, the elastic-strain energy seems to become dominant [10]. The
precipitates turn out to be aligned with the ferrite matrix over the course of time,
Fig. 3b. This alignment has been reported [8] to occur in the <100> crystallographic
direction of the ferrite matrix since it corresponds to the softest direction for the bcc
crystalline structure. Further aging promotes the coarsening process of precipitates
for the aged alloys. The precipitate size increases with the aging temperature. Aging
for longer times shows a tendency to form square or rectangular arrays of cuboid
precipitates for the three alloys; however, this fact seems to be greater in the ternary
alloy aged at 750 and 850 °C than that at 950 °C, Fig. 3a, b. In the case of aging
at 950 °C, arrays of elongated precipitates are aligned with respect to the ferrite
matrix. Some coalescence of precipitates is also observed in these arrays, and the
straight sides of someprecipitates become curved. This suggests the loss of coherency
between the precipitates and matrix. This characteristic is more notorious in the case
of the aged ternary alloy. This behavior seems to be related to the higher elastic-
strain effect in this alloy [8]. No splitting of precipitates was observed to occur in all
the aged alloys. The lowest experimental volume fraction at all aging temperatures
corresponds to the ternary alloy, and the highest one is for the Cu-containing alloy,
which is in agreement with the Thermo-Calc calculated values. It is interesting to
notice that the end of plates is like a rounded-tip for the aged Fe-10 at.% Ni-15
at.% Al-1 at.% Cu alloy, Fig. 3d, while it is more or less flat for the other aged
alloys, Fig. 3e, f. This suggests that the coherency between matrix and precipitates
is lost in the former alloy, and thus, the plate grows more easily in that direction [6],
causing a larger length of plates in this case. This fact can be attributed to a higher
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interfacial free energy, as will be shown later, whichmay be caused by a larger lattice-
misfit because of the Cu addition [10]. The preferential alignment of precipitates on
elastically softest directions occurred faster in the Cu-containing alloy.

Figure 4a illustrates the HAADF-STEM image of the Fe-10 at.% Ni-15 at.% Al-1
at.% Cr alloy aged at 950 °C for 50 h. Some β′ precipitates and the ferrite matrix can
be observed in this micrograph. The STEM intensity profiles corresponding to Fe,
Ni, Al, and Cr elements, following the straight line indicated in Fig. 4a, are shown
in Fig. 5b. The presence of chromium is slightly higher in the ferrite matrix than that
observed in the β′ precipitates. The iron content of precipitates is higher than that of

Fig. 4 a HAADF-STEM image of β′ precipitates in a Fe matrix and b Intensity profile of Fe, Ni,
Al, and Cr

Fig. 5 a HAADF-STEM image of β′ precipitates in a Fe matrix and b Intensity profile of Fe, Ni,
Al, and Cu
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nickel and aluminum. This result is consistent with the equilibrium composition of
the α ferrite matrix phase calculated by Thermo-Calc, as shown in Table 1.

In contrast, Fig. 5a shows a HAADF-STEM image of the Fe-10 at.% Ni-15 at.%
Al-1 at.% Cu alloys aged at 750 °C for 100 h. The corresponding HAADF-STEM-
EDS line scan profile is also shown for this specimen in Fig. 5b. It is evident the
Fe-rich content of the ferritic matrix. In contrast, the β′ precipitates are composed
of Fe, Ni, Al, and Cu. Furthermore, most of the Cu content is located within the β′
precipitates, which is in agreement with Thermo-Calc results in Table 1.

Coarsening Process

To show the coarsening kinetics in Fe–Ni–Al alloys, the average equivalent circle
radius, r, of β′ precipitates, expressed as r3 − r3o, is plotted as a function of aging
time in Fig. 6a–c for the aged Fe-10 at.% Ni-15 at.% Al, Fe-10 at.% Ni-15 at.% Al-1
at.% Cu, and Fe-10 at.% Ni-15 at.% Al-1 at.% Cr alloys, respectively. These figures
show straight line curves for the different cases, which suggest that the LSW theory
for diffusion-controlled coarsening is followed in this study. The LSW theory and
modified LSW theories [5, 6] express mathematically the variation of particle radius
with time as follows [6]:

r3t − r30 = k t (2)

where ro and r are the average radius of precipitates at the onset of coarsening
and time t, respectively, and k a rate constant, which is expressed by the following
equation [6]:

k = 8

9

Dγ CαVm

RT
(3)

whereD is the diffusion coefficient, γ the interfacial free energy between precipitate
and matrix, Cα the equilibrium solubility of precipitate, Vm the molar volume of
precipitate, R the gas constant, and T the temperature. The constant k can be deter-
mined from the slope of straight lines in Fig. 6. The ro value was determined from
the linear regression analysis for each case. Table 3 shows the experimental values
of rate constant k for each case, and they indicate that the coarsening process takes
place more rapidly for the Fe-10 at.% Ni-15 at.% Al alloy aged at the three temper-
atures than that of the other two alloys. In general, the slowest growth kinetics can
be observed for the aged Fe-10 at.% Ni-15 at.% Al-1 at.% Cu alloy. This behavior
suggests that there is a considerable effect of chromium and copper on the Ostwald
ripening process in Fe–Ni–Al alloys.

Table 2 shows the Thermo-Calc calculated values of interfacial free energy γ

and coarsening rate constant k for these alloys. It can be noted that the interfacial
free energy decreases with the increase in aging temperature for the three alloys.
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Table 2 Thermo-Calc calculated coarsening rate constant k and interfacial free energy γ of β′
precipitate in Fe–Ni–Al based alloys

Alloy Coarsening rate k (m3 s−1) Interfacial energy γ

(J m−2)

750 °C 850 °C 950 °C 750 °C 850 °C 950 °C

Fe-10 at.%
Ni-15 at.% Al

0.406 ×
10−26

10.040 ×
10−26

117.600 ×
10−26

0.1248 0.0755 0.0322

Fe-10 at.%
Ni-15 at.%
Al-1 at.% Cu

0.3582 ×
10−26

9.581 ×
10−26

110.800 ×
10−26

0.1358 0.0796 0.0387

Fe-10 at.%
Ni-15 at.%
Al-1 at.% Cr

0.409 ×
10−26

10.077 ×
10−26

117.200 ×
10−26

0.1243 0.0768 0.0341

Besides, the Cu-containing alloy presents the highest values of γ, while the lowest
values correspond to the ternary alloy. In contrast, the lowest and highest values of
coarsening rate constant k are observed to occur for the Cu-containing and ternary
alloys, respectively. This tendency is in good agreement with the experimental values
shown in Table 3; however, the experimental k values are lower than those determined
numerically by Thermo-Calc, which can be attributable to the software-estimated
parameters of Eq. (3) for these alloys.

The lower k values for the Cu and Cr-containing alloys, in comparison with
the ternary alloy, can be explained as follows: according to Eq. (3), the constant k
depends on the diffusion coefficient D, the interfacial energy γ, and the equilibrium
solubility of precipitatesCα . In the case of Cu-containing alloy, the interfacial energy
γ increases with the Cu addition, as shown in Table 3. Thus, the coarsening resistance
can be enhanced only by the decrease in either D or Cα . In this case, the decrease
in k values can be attributable to the decrease in the solubility of the β′ precipitate,
Table 1, and the decrease in volume diffusion promoted by the Cu addition, while
the coarsening resistance of the Cr-containing alloy seems to be only related to the
decrease in the volume diffusion process [6]. The highest values of k for studied
alloys are observed to occur at 950 °C, which can be originated by the increase in
volume diffusion and solubility of precipitates.

Table 3 Experimental values of coarsening rate constant k of β′ precipitate in Fe–Ni–Al based
alloys

Alloy Coarsening rate k (m3 s−1)

750 °C 850 °C 950 °C

Fe-10 at.% Ni-15 at.% Al 0.297 × 10−26 3.333 × 10−26 11.944 × 10−26

Fe-10 at.% Ni-15 at.% Al-1 at.% Cu 0.153 × 10−26 1.330 × 10−26 10.550 × 10−26

Fe-10 at.% Ni-15 at.% Al-1 at.% Cr 0.177 × 10−26 1.805 × 10−26 11.220 × 10−26
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Age Hardening Curves

The plots of Vickers hardness versus aging time are shown in Fig. 7a–c for the Fe-10
at.% Ni-15 at.% Al, Fe-10 at.% Ni-15 at.% Al-1 at.% Cu, and Fe-10 at.% Ni-15 at.%
Al-1 at.% Cr alloys, respectively, aged at 750, 850, and 950 °C. The highest hardness
of the solution treated alloy corresponded to the Cu-containing alloy, which may
be attributed to the formation of Cu cluster in the ferrite matrix [7], since there is
practically no solid solution in the ferrite. In the case of theCr-containing alloy, a solid
solution hardening can be noted because of thewide solubility of Cr in ferrite [11]. On
the other hand, the lowest hardness value was observed to occur for the ternary alloy.
An increase in hardness can be noted in all the aged alloys as a result of the process
of β′precipitation. The highest and lowest increases in hardness took place at the
lowest aging temperature of 750 °C and the highest one of 950 °C, respectively. This
can be related to the precipitate size, which is the smallest for an aging temperature
of 750 °C. Regarding the alloy composition, the highest and lowest hardness peak
were detected for the Cu-containing and ternary alloys, respectively. In the former
case, the age hardening can be attributable to the Cu content of the β′ precipitates,
as shown in Table 1. That is, the Cu addition increases the volume fraction of the
β′ precipitates, as shown in Fig. 2. Additionally, this decreases the iron content of
the β′ precipitates and its chemical composition is closer to the composition of NiAl
intermetallic. The ternary alloy presented the lowest volume fraction of precipitates,
and thus, the lowest hardness. The fastest overaging stage occurred at temperatures
of 850 and 950 °C. This is associated with the most rapid coarsening of precipitates
because of the fastest atomic diffusion process at these temperatures [7].

Conclusions

A numerical and experimental study of the precipitation and coarsening processes
was carried out during the isothermal aging at temperatures of 750, 850, and 950 °C
for Fe-10 at.% Ni-15 at.% Al, Fe-10 at.% Ni-15 at.% Al-1 at.% Cr, and Fe-10 at.%
Ni-15 at.% Al-1 at.% Cu alloys. The key findings are summarized as follows:

1. Thermo-Calc calculated results indicated that both the Cu and Cr addition pro-
moted higher volume precipitation of β′ precipitates than that of the ternary
alloy, and the Fe content in precipitates is also reduced. The Cu and Cr alloying
elements are located mainly in the β′ precipitate and ferrite matrix, respectively.

2. The aging hardening of Cu-containing alloy was higher than that of the other
alloys because of the higher volume fraction of β′ precipitates and its chemical
composition close to the NiAl intermetallic compound.

3. The coarsening resistance of Cu-containing alloy was higher than that of the two
other alloys, which can be attributable to the decrease of volume diffusion and
solubility in the ferrite matrix.
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Effect of Different Ti-Sn Intermetallic
Compounds Addition on Synthesis
of Ti2SnC by Self-Propagating
High-Temperature Combustion
Technique

Hongyan Sun, Xin Kong and Guiyang Liu

Abstract The higher purity of Ti2SnC ternary compounds has been successfully
synthesized by self-propagating high-temperature synthesis (SHS) technique with
elemental Ti, Sn, C, and some different Ti-Sn intermetallic compounds powders as
raw materials. The molar ratio of Ti/Sn/C was set 2:1:1. The results show that the
additions of Ti5Sn3 and Ti2Sn play a different role in the synthesis of Ti2SnC and
the optimum addition content are both 20%. Meanwhile, the reaction mechanism
for the formation of Ti2SnC in the system is confirmed that the Ti5Sn3 intermetallic
compound reacts with TiC to formTi2SnC, rather than Ti2Sn. And Ti2SnCwill partly
decompose into Ti5Sn3 and TiC at higher temperatures.

Keywords Combustion synthesis · Ti5Sn3 · Ti2Sn · Reaction mechanism · Ti2SnC

Introduction

Titanium tin carbide (Ti2SnC) is one of the most interesting materials in the fam-
ily of the layered ternary compounds which has attracted much worldwide atten-
tion because it exhibits a number of excellent properties. It has high electrical and
thermal conductivity, low hardness, good self-lubricity, easy machinability, resis-
tance to corrosion, damage tolerant capability, etc. [1–4]. It is a promising candidate
replacement material of graphite for diverse applications. There are several process-
ing routes have been adopted to prepare Ti2SnC including hot isostatic pressing (HIP)
[5, 6], hot pressing (HP) [7, 8], pressureless sintering [9], and self-propagating high-
temperature synthesis (SHS) [10–12]. However, the high purity of Ti2SnC powder
is difficult to obtain because TiC, Ti-Sn compounds or Sn as unwanted impurities
always accompanyingTi2SnC.Thepresence ofTiCwill deteriorate the high electrical
conductivity and other properties of Ti2SnC [9].
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Self-propagating high-temperature synthesis (SHS), developedbyMerzhanov and
Borovinskaya [13] in the late 1960s, is a new kind of method to produce ceramic
[14], ceramic matrix composites [15], and so on. It has many attractive advantages,
such as high purity of products, low processing cost, and energy and time efficiency,
and non-polluting traits. Yeh and Kuo [10] have successfully synthesized Ti2SnC
powders with Ti/Sn/C and Ti/Sn/TiC powder mixtures with this method.

The main purpose of the paper is to prepare Ti2SnC powders adopting a novel
mixture system of Ti/Sn/C/Ti-Sn intermetallic compounds by using the SHS tech-
nique. The effect of different kinds of Ti-Sn intermetallic compounds on the high
purity of Ti2SnC is discussed in detail. And the reaction mechanism for the synthesis
of Ti2SnC phase is also researched.

Experimental Procedures

Commercial Ti (average particle size: 500 mesh, 99.7 purity), Sn (average particle
size: 200 mesh, 99.6 purity), carbon black (average particle size: 330 mesh, 99.5
purity), and self-made intermetallic compounds of Ti5Sn3 andTi2Sn (average particle
size: 200 mesh) powders were used in the present study. The powders of Ti, Sn, C
with stoichiometric ratio of Ti2SnC (Ti:Sn:C = 2:1:1). Different Ti2SnC samples
were prepared by SHS method under the assistance of different Ti-Sn intermetallic
compounds as previously described [16, 17]. The phase composition of products was
identified by the X-ray diffraction analysis (XRD). Scanning electron microscopy
(SEM) was used to observe the microstructure morphology. The relative quantity
of Ti2SnC was represented by F value (the ratio of diffraction intensities of non-
overlapping Ti2SnC (002, 2θ = 12.97°) and TiC (111, 2θ = 35.9°).

Results and Discussion

Effect of Different Ti-Sn Intermetallic Compounds Addition
on Phase Compositions of Combustion Product Ti2SnC

Figure 1 shows XRD patterns of the SHS synthesized products by green compact
with different Ti5Sn3 addition amounts (0, 15, 20, 30, 40%). From Fig. 1, it can be
observed that the predominating phase is always Ti2SnC. Some Sn, TiC, and Ti5Sn3
phases are also detected but the peaks are veryweak. Furthermore, the relative content
of Ti2SnC phase increases firstly and then decreases with the increasing of Ti5Sn3
addition content. The dominant phase ofTi2SnC is themostwhen the addition amount
of Ti5Sn3 is 20%. At the same time, the impurity phases of Sn, TiC, and Ti5Sn3 are
trivial. The above results reveal that the addition of Ti5Sn3 is not the more the better.
The optimum addition amount of Ti5Sn3 is 20%.
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Fig. 1 XRD patterns of
combustion products with
different Ti5Sn3 addition in
Ti-Sn-C system

The relationship between F values (the relative quantity of Ti2SnC) and different
Ti5Sn3 addition amount is provided in Fig. 2. It can be found in Fig. 2 that the relative
quantity of Ti2SnC increases with the increasing of Ti5Sn3 addition contents from 0
to 20%. While when the content of Ti5Sn3 increases furthermore, the F value begins
to decrease sharply indicating that the addition of more Ti5Sn3 is not beneficial for
the synthesis of Ti2SnC which is in good agreement with the XRD results.

Typical XRD patterns of the combustion products obtained from reactant com-
pacts with the different addition amount of TiSn2 is presented in Fig. 3. The XRD
profiles of all samples indicate that the Ti2SnC is the dominant phase. Some TiC,
Ti5Sn3, and Sn as secondary phases always accompany with Ti2SnC. What’s inter-
esting is that the reactant TiSn2 is not detected in the final products. The results
indicate that TiSn2 is as a reactant rather than an intermediate in the formation of
Ti2SnC. From the above results, the reaction mechanism of Ti2SnC formation can
be deduced that Ti reacts with TiSn2 to form Ti5Sn3 firstly, then TiC (coming from

Fig. 2 F values(the relative
quantity of Ti2SnC) of the
products after addition
different Ti5Sn3 contents in
the Ti-Sn-C system
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Fig. 3 XRD patterns of
combustion products with
different TiSn2 addition in
Ti-Sn-C system

Fig. 4 F values (the relative
quantity of Ti2SnC) of the
products after addition
different Ti2Sn contents in
the Ti-Sn-C system

reaction of Ti and C) reacts with Ti5Sn3 compounds to form Ti2SnC, which has been
also confirmed in ref. [7].

Figure 4 plots the relationship between F values (the relative quantity of Ti2SnC)
as a function of TiSn2 addition amounts. From Fig. 4, it is clearly shown that the
relative quantity of Ti2SnC increases before 20% (TiSn2 addition amount) and then
decreases with further increasing of TiSn2 addition amount.

The Effect of Different Ti-Sn Intermetallic Compounds
Addition on Combustion Temperature of Product Ti2SnC

Figure 5 provides the relationship between the maximum reaction temperature and
Ti5Sn3 addition content. The plot shows that the maximum reaction temperature
is substantially affected by Ti5Sn3 addition content and decreases approximately
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Fig. 5 Effect of Ti5Sn3
content on combustion
temperature of Ti-Sn-C
system

linearly with increasing Ti5Sn3 content, which is consistent with the phenomena
observed in experiments.

The reaction temperature-Ti2Sn content profile of the combustion reaction is given
in Fig. 6. From Fig. 6, it can be seen that the maximum combustion temperature
decreaseswith the increasing ofTi2Sn content. FromFigs. 5 and6, it is both found that
themaximum reaction temperature decreases with the increase of Ti-Sn intermetallic
compounds addition content. So it can be deduced that both Ti5Sn3 and Ti2Sn have
a similar dilution effect [18] as the TiC on solid-state combustion of the Ti-Sn-C
powder compacts. However, the decrease of reaction temperature is highly beneficial
to stabilize Ti2SnC (shown in Figs. 2 and 4) because Ti2SnC will decompose at
temperatures higher than 1250 °C [9].

Meanwhile, from the XRD results provided by Figs. 1 and 3, it is found that
TiC, Ti-Sn compounds (Ti5Sn3), and Sn as unwanted phases always accompany
with Ti2SnC whether addition some Ti5Sn3 or Ti2Sn. The reason of the existence of
Ti5Sn3 is due to lack of insufficient reaction time attributing for rapid propagation of
the reaction front in the SHS process. And the main reason for the existence of Sn
and TiC is that Ti2SnC begins to decompose at temperatures higher than 1250 °C [9]
through the following reaction Ti2SnC=TiC+Sn. To decrease the above impurities,
the TiC-added samples will undergo further research.

Fig. 6 Effect of Ti2Sn
content on combustion
temperature of Ti-Sn-C
system
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The Effect of Different Ti-Sn Intermetallic Compounds
Addition on Microstructure of Product Ti2SnC

Figure 7 shows the SEM photographs of Ti2SnC with different addition content of
Ti5Sn3. The Ti2SnC grains are plate-like, with coarse surface. Some small, coarse,
and round-shaped granules of TiC and Ti5Sn3 are identified by EDS (Fig. 7a). When
the addition of Ti5Sn3 is 20%, well-developed plate-like shape, and smooth sur-
face Ti2SnC structures evidently increase and the rounded-TiC and Ti5Sn3 decrease
(Fig. 7b). The plate-like grains are less than 5µm in size and less than 2µm in thick-
ness. When the content of Ti5Sn3 is 30%, the morphology of Ti2SnC grains become
coarse once more and the size becomes smaller and thicker (Fig. 7c). Figure 7d
indicates that Ti2SnC grains are in the shapes of long rods with thickness of about
0.25 µm and length in the range of 5–10 µm. In addition, the amount of Ti5Sn3 and
TiC granules is noticeably increased. The crystal structure morphology of Ti2SnC
is determined by the grain growth rate in different planes reported by Boulliard and
Sotto [19]. Based on the study of Li et al. [20], the growth environment with suffi-
cient liquid phases is one of the reasons that benefits Ti2SnC to develop a rod-like
microstructure. Therefore, it is believed that the increase of Ti-Sn compounds amount
results in the formation of more molten compound in the synthesis, which favors the
growth of Ti2SnC in the form of rods instead of platelets.

Fig. 7 SEM results for the fracture surfaces of the samples prepared with different Ti5Sn3 contents:
a 15%, b 20%, c 30%, d 40%
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Fig. 8 SEM micrographs of the fracture surfaces of the samples prepared with different Ti2Sn
contents: a 15%, b 20%, c 30%, d 40%

Themorphologies of Ti2SnCwith different Ti2Sn contents are given in Fig. 8. The
observation fromFig. 8 is similar to that shown in Fig. 7.With the increasing of Ti2Sn
contents from 15 to 20%, the plate-like structure of Ti2SnC has a better development
and the round-shaped granules of TiC and Ti5Sn3 obviously decrease (Fig. 8a–b).
However, with the content of Ti2Sn increases further, it is found that some rod-like
Ti2SnC grains appeared and the amount of TiC and Ti5Sn3 also evidently increased
(Fig. 8c–d). The reason has been explained above in detail.

Conclusions

Higher purity of Ti2SnC has been successfully synthesized by SHS process with
a novel powder mixture of Ti/Sn/C/Ti-Sn compounds. And the relative quantity of
Ti2SnC in final product will increase with the increasing of Ti5Sn3 and Ti2Sn firstly
(0–20%), and then decrease with further increasing (30–40%). It is confirmed that
Ti2SnC is formed from a reaction between TiC and Ti5Sn3 instead of with Ti2Sn in
the system of Ti/Sn/C/Ti-Sn compounds.
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Dynamic Mechanical Behaviour of Lean
Duplex Stainless Steel 2101

E. C. Yeo, J. P. Escobedo-Diaz and A. A. H. Ameri

Abstract The effect of the history of plastic deformation on themechanical response
of hot rolled Lean Duplex Stainless Steel 2101 (LDSS2101) was investigated at high
strain rates. Samples of LDSS2101 were quasi-statically compressed up to 25%
strain to introduce an intermediate state of plastic deformation before high strain rate
compression. Microstructural analyses were conducted using optical microscopy to
correlate the mechanical responses with microstructural evolution. Results show that
the dynamic yield stress of LDSS2101 increases with pre-deformation. However,
significant work-softening was also observed at high strain rates. Microstructural
analyses of LDSS2101 revealed the phase transformations which likely affect the
mechanical response. Our findings support the use of LDSS2101 in applications that
involve a combination of serial quasi-static and dynamic loadings.

Keywords Compression · Duplex steel · LDSS2101 ·Microstructure ·
Mechanical properties

Introduction

Lean Duplex Stainless Steel (LDSS2101) is a relatively new duplex stainless
steel alloy which offers improved mechanical properties compared to single-phase
steel alloys and to conventional duplex stainless steel, e.g. DSS2205. Moreover,
LDSS2101 is comparatively cheaper to manufacture and has a more stable cost than
DSS2205. LDSS2101 was designed by partially substituting the more expensive
elements (nickel, molybdenum, chromium) with cheaper elements such as nitro-
gen and manganese. The mechanical properties of the LDSS2101 are a result of its
unique crystallography. LDSS2101 is made up of the ferritic (α) and austenitic (γ )
phases of steel in a close to equal proportion of each phase. The presence of the
austenitic phase gives the LDSS2101 its high corrosion resistance. Therefore, the
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combination of high strength, excellent corrosion resistance, and reasonable pricing
has promoted the study of and potential use of LDSS2101 in the oil, gas and chemi-
cal industry, and even in nuclear engineering applications. However, the mechanical
response of LDSS2101 to high strain rate processes—and resulting microstructural
changes—have not yet been comprehensively studied to instil levels of confidence
for its widespread application. Furthermore, the nature of duplex steels increases the
complexity of study due to the different ways in which the individual phases of steel
respond to high strain rates. Nevertheless, a systematic exploration of the mechanical
responses of LDSS2101 hopes to address the uncertainties described.

The aim of this research is to determine the effect of the history of plastic defor-
mation on the mechanical response of LDSS2101 at high strain rates. The research
focused upon the following areas:

• The mechanical response of LDSS2101 when it is quasi-statically deformed to
known levels of strain

• The mechanical response of LDSS2101 when it is deformed at high strain rate to
known levels of strain

• The mechanical response of LDSS2101 when it is first quasi-statically deformed
then further deformed at high strain rate to known levels of strain

• Microstructural changes with this history of plastic deformation and subsequent
high strain rate deformation

• Determine the dominant influencing factor of the mechanical response at high
strain rates.

Material and Experimental Methods

20 mm thick hot rolled plates of LDSS2101 were used. A 140 mm thick cast slab
was hot rolled at temperatures between 1100 and 1300 °C to the final thickness
(20 mm). Then, the plate was heat treated at 1050 °C followed by water quenching.
The chemical composition of the used material is shown in Table 1. The as-received
samples of LDSS2101 had about 44% and 56% volume fractions of the ferritic phase
and austenitic phase, respectively, as revealed by EBSD scans [1].

Cylindrical samples were machined for compression tests. A three-dimensional
axis system as in Fig. 1 was used to define the three main directions for testing and
optical analysis. The directions considered were defined as the rolling direction (RD)
to which the sample was hot rolled, the transverse direction (TD) perpendicular to the
rolling direction, and the normal direction perpendicular to the plane which the RD
and TD lies. The samples were compressed parallel to the RD for all tests conducted
in this study. The as-received dimensions of the samples were 4.5 mm thick in the
RD and 7.5 mm in diameter in the ND-TD plane. The dimensions of the sample were
chosen to minimise the friction and inertia effects associated with SHPB testing [1].

The compression of LDSS2101 samples at quasi-static strain rate (10−3 s−1) to
25% strain was conducted using a Shimadzu® Universal TestingMachine calibrated
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Fig. 1 Diagram of a sample cut in half, showing the three defined directions, loading, and
observation directions

at 100 kN of force. The high strain rate (4000 s−1) compression tests of the pre-
deformed samples were conducted using a Split-Hopkinson pressure bar (SHPB)
with pulse shapers. The pulse shaper was used in order to achieve constant strain
rates during the individual tests [2, 3]. They are thin discs of LDSS2101 material
attached to the incident bar at the interface of the incident and striker bars as shown
in Fig. 2.

TheVickers hardnesswas conducted using the Shimadzu®MicroHardness Tester
HMV-G21. Measurements were done with a test load of HV0.01 (98.07 mN) at
locations of austenite, ferrite, and martensite phases. For each sample, the hardness
of the three different phases was recorded for comparison. As in Fig. 3, the austenitic
phasewas identified by the visible twin boundaries [4]within the grains, ferritic phase
were identifiedbyuniformdarker regions, anddark regionswithin the austenite grains
were identified as the martensitic phase. At least HV measurements were conducted
for each phase, for each sample.

Optical microscopy was conducted using the Zeiss Axio optical microscope.
Images were taken at 5X, 10X, 20X, and 50X magnifications to acquire different
levels of data for analysis. The higher magnification images were taken at multi-
ple positions within the same samples to confirm the existence of martensite phases

Fig. 2 Schematic diagram of a Split-Hopkinson pressure bar set-up
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Fig. 3 Optical microscopy image of LDSS2101 at 25% strain, with the three different phases
identified

Fig. 4 Optical micrographs of a LDSS2101 sample; b processed image showing red ferritic grains

within the deformed samples and verify that martensitic transformation has occurred.
Images were processed using the software Image J to measure the volume fraction
of the different phases based on colour differences. An example is shown in Fig. 4.

Results and Discussion

The mechanical responses in the SHPB tests were measured by using the concept of
one-dimensional elastic wave propagation in bars as explained by Ameri et al. [2].
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The true stress-strain curves of the LDSS2101 samples are shown in Fig. 6. Figure 6
shows an obvious difference in mechanical responses of the LDSS2101 samples
when subjected to compressive deformation of different rates.

The increase in yield stress of the LDSS2101 samples increased by about 550MPa
as the strain rate increased from 10−3 to 4000 s−1. This increase in yield stress of
LDSS2101 due to the increase in the strain rate is likely caused by the existence of
the ferritic phase (BCC) in LDSS2101 [5].

The same increase in yield stresswas observedwhen the pre-deformedLDSS2101
samples (25% strain) were deformed at high strain rates. Figure 5 shows the same
increase in yield stress of about 550 MPa, from 1050 to 1600 MPa when changing
the strain rate from 10−3 to 4000 s−1. The higher true stress value at 1050 MPa
at 25% strain aligns with present understanding of the response of LDSS2101, in
which the increase in strain of the material leads to increase in dislocation densities,
resulting in higher stress responses. Furthermore, this suggests that even though the
quasi-static deformation of LDSS2101 had introduced greater dislocation densities
within the LDSS2101 samples, this had minimal effect on the way the ferritic phase
reacts to increasing strain rates. This has allowed the yield stress to increase similarly
even after 25% strain. Therefore, the relative yield point of the LDSS2101 material
remains the same even after history of plastic deformation.

Moreover, it is noted in [1] that martensitic transformation of the austenitic
phase would have occurred after quasi-static deformation to 25% strain, and this
is confirmed in Fig. 3. Hence, it is likely that the austenitic phase (FCC) and body-
centred tetragonal (BCT) martensitic phase have minimal effect on the yield stress
of LDSS2101.

Fig. 5 True stress-strain curves from the compressive deformations of LDSS2101 samples at
different strain rates
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The true stress-strain curves in Fig. 5 indicate the higher flow stresses following
the increase in strain rate of the LDSS2101 sample. When comparing the single-
process deformation at 10−3 s−1 strain rate and 4000 s−1, the increase in flow stresses
of LDSS2101 is likely due to the increased generation of dislocations within the
material when deformed at higher strain rates [1, 5]. As a result, when comparing the
single-process deformation of LDSS2101 at 4000 s−1 to the deformation of the pre-
deformed LDSS2101 also at 4000 s−1, it is interesting to note the overall higher flow
stresses. This is shown in Fig. 6 where the blue curve is higher than the grey curve
up till about 50% strain. Therefore, the introduction of the 25% strain in LDSS2101
prior to high strain rate deformation has induced a high flow stress response of the
material.

Images of LDSS2101 samples deformed at high strain rate to 25% strain (Fig. 6a)
were compared to the LDSS2101 samples which were deformed quasi-statically to
25% strain (Fig. 6b). The analysis revealed that the quasi-statically deformed sample
at 25% strain had a higher percentage of martensite (5.70%) compared to the sample
deformed to 25% at high strain rate (2.7%). This agrees with findings from Ameri
et al. [1] that the rate of martensitic transformation is lower when strain rate is

Fig. 6 a LDSS2101 deformed at 10−3 s−1 to 25%; b LDSS2101 deformed at 4000 s−1 to 25%
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Fig. 7 a LDSS2101 deformed at 4000 s−1 to 50%; b LDSS2101 deformed at 10−3 s−1 to 50%

increased. Hence, the higher flow stresses of the pre-deformed sample are likely due
to the higher volume fraction of the martensite phase, which the existence within the
austenite increases the material flow stress due to reduction of free dislocation paths
[5, 6].

The microstructure of the LDSS2101 samples at 50% strain was also compared
between the quasi-static deformation and the high strain rate deformation processes.
Examples of the images used for comparison are shown in Fig. 8. Analysis of the
respective images revealed that the pre-deformedLDSS2101 sample had about 11.1%
volume fraction of martensite after high strain rate deformation. In addition, the
quasi-statically deformed sample of LDSS2101 had about 15.9% volume fraction
of martensite. Even then, the pre-deformed sample recorded higher levels of flow
stresses than the solely quasi-statically deformed LDSS2101 sample. Thus, the flow
stresses of LDSS2101 are likely to be dependent on the amount of martensite and
dislocation density (Fig. 7).

The work-hardening rate of the LDSS2101 samples was plotted against true strain
in Fig. 8. The high strain rate deformation processes have as expected shown a lower
rate of work-hardening than the quasi-static compression process. This is partly
due to the decreased martensitic transformation with increased strain rates and the
resulting increase in free dislocation paths as described above. Hence, there are two
known mechanisms at play when LDSS2101 is deformed at high strain rates: (1)
the material is softened due to quasi-adiabatic heating [5], and (2) the martensitic
transformation of austenite causes hardening.

In this case, the history of quasi-static deformation causes work-softening of
LDSS2101, as indicated by the negative in Fig. 6 and the negative values in Fig. 8,
after about 37%strain. Similarwork-softening ofLDSS2101was observed byKrüger
et al. in [5] and was determined to be caused by quasi-adiabatic heating inherent in
deformation at high strain rates.While that seemed reasonable given the high amount
of energy generatedwhen compressing the LDSS2101 sample from0 to 50% strain at
high strain rates, the pre-deformedLDSS2101 sample could cool to room temperature
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Fig. 8 Work-hardening rate of the LDSS2101 sample at different rates of deformation

Fig. 9 Processed image (black–austenite) of LDSS2101 sample deformed at 4000 s−1 from the 0
to 50% strain

before it was subjected to high strain rate deformation. The toughness of the pre-
deformed LDSS2101 sample from 25 to 37% was calculated to be about 156.17 MJ,
whereas the toughness of the SHPB-only sample from 0 to 50% (where it experiences
work-softening) was calculated to be 665.03 MJ. Therefore, the significant work-
softening of the pre-deformed LDSS2101 sample is believed to be caused by the
combination of both the quasi-adiabatic heating and the lower rate of martensitic
transformation.

Microstructural analyses by comparing the microstructural evolution resulting
from the deformation of LDSS2101 samples from the as-received state and the
pre-deformed state have revealed the volume fractions of martensite in both sam-
ples. Firstly, the pre-deformed LDSS2101 had about 11.1% martensite, whereas the
LDSS2101 that only underwent SHPBcompression (Fig. 9) had about 12.7%marten-
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Table 2 Vickers hardness
data from the pre-deformed
LDSS2101 sample

Vickers hardness (HV)

Austenite (γ ) Ferrite (α) Martensite (α’)

25% strain 425 300 470

50% strain 500 315 550

Difference 73 16 78

site. Hence, the work-softening of the pre-deformed LDSS2101 sample when sub-
jected to high strain rate could be due to the reduced rate ofmartensitic transformation
as well as the softening effects due to quasi-adiabatic heating.

However, the lower volume fraction of martensite in the pre-deformed sample is
contrary to the theory thatmartensitic transformation reduceswith high strain rate [5].
Otherwise, the pre-deformed sample, with history of quasi-static compression would
be expected to have higher volume fractions of martensite. Hence, it is believed that
thematerialwith history of plastic deformation behaves differently than theLDS2101
would when deformed from the as-received state. The fact that the pre-deformed
sample (25% strain) was left to cool to room temperature first then deformed again
at high strain rate may be a factor at play since the material will respond differently
when it is at a different temperature at 25% strain.

The Vickers hardness test results were compared for the pre-deformed sample,
between the sample at 25% strain and the sample at 50% strain. Results are presented
in Table 2. This revealed the extent of hardening of the different phases of steel within
the LDSS2101 samples.

The hardness measurements revealed that the austenitic phase and martensitic
phase of LDSS2101 experience the significant portion of the work-hardening,
whereas the ferritic phase experiences a comparatively low extent ofwork-hardening.
Moreover, the martensitic phase undergoes more work-hardening than the austenitic
phase. This further suggests that as the rate of martensitic transformation decreases
(volume fraction of austenite is relatively higher), the work-hardening rate of
LDSS2101will also decrease. Hence, the effects of work-softening of the LDSS2101
could have been amplified further due lower rate of austenite compared tomartensite.

Conclusions

The effect of the history of plastic deformation in LDSS2101 on those mechan-
ical responses has been systematically tested and results analysed based on the
present field of knowledge of LDSS2101 and general duplex stainless steels. Our
main findings are as follows:

1. The increase in yield stress of LDSS2101 due to an increase in strain rate is not
affected by the history of plastic deformation on the material. This increase in
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yield stress is due to the ferritic phase of steel in LDSS2101, but the austenitic
and martensitic phase has minimal effect on the yield stress of LDSS2101.

2. The history of plastic deformation in LDSS2101 induces relatively higher flow
stresses when the pre-deformed sample is subjected to high strain rate deforma-
tion. The higher flow stress compared to a non-pre-deformed sample undergoing
high strain rate deformation is likely due to the increased volume fraction of
martensite in the pre-deformed sample. The higher flow stresses compared to a
non-pre-deformed sample undergoing quasi-static deformation is likely due to
the dominance of the increased rate of dislocation formation over the lower rate
of martensitic transformation in high strain rate compressed LDSS2101.

3. Pre-deformed samples of LDSS2101 undergo work-softening when subjected
to high strain rate compression. This is likely due to the combined effects of
quasi-adiabatic heating and lower rate of martensitic transformation. However,
the exact mechanism that caused the final volume fraction of martensite to be
higher in the non-pre-deformed sample is yet to be understood.
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Capillary Absorption Evaluation
of Different Mortars Applied in Civil
Construction
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S. N. Monteiro, L. G. Pedroti, B. C. Mendes, N. A. Cerqueira and V. Souza

Abstract The absorption by capillarity is one of the main characteristics of the
mortars, connected directly to the internal flow of water through their pores and
consequently their durability over time. The objective of this work is to evaluate the
influence of the conditions of the materials, as the granulometry of the sand, in the
internal capillary flow of cement- and lime-based mortar, according to the Brazilian
standard. Thus, prismatic specimens (4× 4× 16 cm) with sands of different particle
sizes (Dmax = 1.2 and 2.4 mm) were made, evaluating the capillary absorption and
the capillary coefficient of the mortars with 1:1:6 (cement: lime: sand), following the
Brazilian regulations. The results showed that the larger the average grain size, the
greater the number of voids indicating an increase in the capillary flow, damaging
applications of these mortars in construction.
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Introduction

The mortars are widely used in Brazilian civil construction as wall and ceiling cov-
ering and for settlement laying masonry. The composition of this material is formed
by Portland cement (binder), lime, and sand (aggregate) [1]. In civil construction,
water is used as a raw material in many stages including the preparation of mortars,
concretes, in the concrete curing process and even in soil compaction, and more-
over, water is essential for the occurrence of cement hydration reactions, which is a
hydraulic binder [2].

The amount of water absorbed bymortars, in the hardened state, is directly related
to capillarity. This property is defined as the upward movement in a fluid, which is
usually water, through a capillary formed by pores for mortars between 0.01 and
10 µm in diameter [3]. This mechanism occurs when there is a physicochemical
affinity between the molecules of the liquid and the molecules present in the pores,
due to the intermolecular interactions of the water and mortar molecules [4]. These
forces cause the fluid to displace when the tubemolecule that is just above the surface
of the liquid attracts the rising liquid in alignment with the molecule that attracted
it, the upward movement occurs when this cycle repeats itself. The phenomenon
of capillarity, as mentioned above, occurs in mortars due to a capillary formed by
pores. Mortar porosity can be characterized as open porosity, in which voids are
interconnected by capillaries of varying diameters, or closed porosity, in which voids
are not interconnected [5]. Figure 1 is a scheme of water flow in the capillary pores.

Importantly, the voids in the mortar are not truly empty, and are filled with water
or air. In 28 days of mortar hydration, the voids are occupied by air, the size of
these pores and the type of porosity (open or closed) influence the coefficient of
capillarity and water absorption [6]. The capillarity for mortars commonly used in
construction is poorly studied; however, it is very important to predict and understand
the characteristics, such as durability of mortars. Studies prioritize the analysis of the
mechanical resistance of materials, but the durability of mortars is not investigated
with due attention and importance. [7]

Fig. 1 Capillary water flow
model in mortars [6]
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Another important factor of mortars that should be researched is the appearance,
as this material is widely used as masonry laying and finishing of ceiling and wall
coverings. For a better analysis of mortar durability, it is necessary to analyze how
this material behaves with respect to parameters such as the transport of fluids into
the mortar, either by analyzing traditional durability or static durability in the mate-
rial in question [4]. One of the mechanisms that must be studied in mortars is the
absorption by capillarity, because it is through it that impurities penetrate the pores.
This phenomenon is related to the size of existing pores, so it is necessary to do this
test so that we can estimate and quantify the greater or less susceptibility of new
materials to degradation [6].

Materials and Methods

Materials used in this study was provided by Portland Cement CPII-E-32, hydrated
lime CH-III and natural sand with a maximum diameter of 1.2 and 2.4 mm. Lime,
being thinner than cement, fills the voids of mortars, in addition to hydrating the
cement due to its role as a water retainer [1].

The mortars were used with a ratio of their elements in mass of 1:2:9, 1:1:6
(cement: lime: sand), and 1:3 (cement: sand), which have great application in the
construction sector. Two distinct groups ofmortarwere used: three traceswith natural
sandwith amaximum diameter of 1.2mm and three traces with amaximum diameter
of 2.4 mm.

To determine the proportions of water in the desired mortars, the consistency test
was performed, regulated by NBR 13276 [8]. It is recommended by the standard that
there is a range of 260 ± 5 mm in mortar diameter on the chopping table. The test
consisted of molding the mortar into a 6.5 cm high conical trunk shape, 12.5 cm base
diameter, and 8 cm top diameter on the chopping table. The form is removed after
filling and the table is driven to cause 30 consecutive drops at a height of 15 mm, so
that themortar receives the impact caused by the table falls. Three different diameters
must be measured, and the result of averaging these values is the consistency index.
The amount of water present in the mortar that obtained the index of 260 ± 5 mm
was the defined proportion for each mortar trait studied in the present research [2].

Initially, the sand to be used was passed through the sieves with Dmax = 1.2 mm
andDmax = 2.4 mm. The sand was oven dried at a temperature of 110 °C for 24 h, as
determined by previous analyzes. Subsequently, the material was removed from the
greenhouse to cool to room temperature. The mortar mixing procedure followed the
recommendations of NBR 13276 [8]. With dry sand, all materials are homogenized
separately, and placed in a mixer, including water defined on the basis of the consis-
tency test. The mortar is mixed at low speed for 90 s. At the end of the set time, the
material is left to stand for 15 min, and then manually homogenized the mortar for
a maximum of 30 s [8].
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After preparing the mortar, with the mold fixed on the table, introduce the first
layer in all molds, applying 30 consecutive drops to the table, at a height of 15 mm,
at the end of the falls, and introduces the final layer, applying again 30 consecutive
drops at the same height on the densification table. At the end, the excess mortar is
removed with steel knives and unifies the surface. For each mortar, three specimens
were molded in a 40 × 40 × 160 mm prismatic mold [4].

The specimens were kept in the mode for 48 h. The samples are kept in the labora-
tory at a temperature and relative humidity of 23 ± 2 °C and 60 ± 5%, respectively.
Upon completion of 28 days of curing, water absorption and capillary coefficient
determination tests are performed. Before starting the test for determination of water
absorption by capillarity, it is necessary to even the surface of the specimens with
coarse sandpaper, as recommended by NBR 15259 [9].

The test recommended by the standard is basically to determine the initial mass
of the dry specimens, to put their square face in contact with water at a constant level
5 mm above the face and to determine the mass, in grams, of the specimens by test at
10 and 90 min. The weight increase of the specimens over a period of time is due to
the absorption of water by capillarity. To obtain the capillary coefficient, the masses
obtained are subtracted in 90 and 10 min of the test [9].

After the determined time of each test, excess surface water should be removed
from the specimens to be tested, avoiding that the results do not reflect the actual
amount of water trapped in the internal capillary pores of the cementitious matrix.

Results

At the beginning, the capillary rise of water, via capillary absorption, can be observed
in visual analysis, where it is observed the advance of water penetration in the spec-
imens. In Figs. 2 and 3, it is possible to observe the capillary rise in the different
mortars immediately after the specimens are placed in contact with water and 60 min
after the beginning of the test, respectively.

It can be seen fromFigs. 2 and3 thatwith increased exposure timeof the specimens
in the absorption front test condition, that is, the height of the water slide increases
noticeably. To determine the capillarity absorption of mortars, the tests are provided
for in NBR 15259 (ABNT 2005) was performed [9]. The results presented by the
average values found in the assay according to Tables 1, 2, and 3.

After analyzing the data presented in Tables 1 and 2 that indicate the absorption
by capillaries in the prismatic specimens, it is possible to see that the mortars that
have larger average grain size, have better efficiency in water absorption.

However, it is possible to observe that the traces with the highest amount of lime in
its composition presented higher water absorption by capillarity. The 1:3 trait mortar
(cement: sand) that has no lime in its composition and showed greater efficiency
by inhibiting capillary absorption. The results presented in Table 3 show that the
capillarity coefficient increased when the mortar had a larger amount of lime in its
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Fig. 2 Capillary rise after the specimens come into contact with water. Source Own author

Fig. 3 Capillary rise of specimens 60 min after contact with water. Source Own author

Table 1 Water absorption by
capillarity of sand mortars
with Dmax = 2.4 mm

Mix design (cement: lime: sand) Absorption (g/cm2)

t = 10 min t = 90 min

1:3:0 0.34 0.83

1:1:6 0.44 1.09

1:2:9 0.54 1.30

Table 2 Water absorption by
capillarity of sand mortars
with Dmax = 1.2 mm

Mix design (cement: lime: sand) Absorption (g/cm2)

t = 10 min t = 90 min

1:3:0 0.26 0.62

1:1:6 0.43 1.02

1:2:9 0.60 1.49
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Table 3 Capillarity coefficient of mortars with different sand diameters

Mix design (cement: lime: sand) Sand diameter

2.4 mm 1.2 mm

Capillarity coefficient (g/dm2

min1/2)
1:3:0 7.79 5.63

1:1:6 10.41 9.44

1:2:9 12.19 14.18

composition. It is also observed that the larger the average grain size, the higher the
capillarity coefficient.

Some studies in the literature have already indicated the importance of the capil-
larity coefficient and the influence of the average aggregate grain size as an influence
on the internal compactness of the cementitiousmatrix and consequently on thewater
absorption, which is related to the capillarity [3]. Components, such as lime, have
a direct influence on the potential for capillary ascension and internal porous flow
[5, 10, 11].

Conclusion

• The 1:1:6 (cement: lime: sand) and 1:2:9 (cement: lime: sand) mortars had bet-
ter capillary water absorption compared to the 1:3 (cement: sand). This may be
because the first two samples have lime in their composition and this component
has a huge ability to retain water around its particles.

• The specimens formed by 1:1:6 and 1:2:9 mortars with a maximum sand diameter
of 2.4 mm showed that the larger the average grain size, the higher the water
absorption efficiency by capillarity, as well as the higher capillarity coefficient, as
it had a higher void index.

• Capillary water absorption is an important property for civil construction applica-
tions, and the characteristics of compositional materials such as aggregate (sand)
have a significant influence.

Acknowledgements The authors thank the Brazilian agency: CNPq, CAPES, and FAPERJ for
their support to this research.
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Fundamental Study on Wettability
of Pure Metal by Liquid Sodium

Jun-ichi Saito, Hideo Shibutani and Yohei Kobayashi

Abstract Liquid sodium is used as a coolant of a fast reactor owing to its high ther-
mal conductivity and high melting temperature. Wettability is an important property
for designing the apparatus of the fast reactor. It is well known that the wettability
of liquid sodium changes owing to factors such as surface roughness and type of
metal. This study proposes an atomic interaction between metal and liquid sodium
related to wettability. The purpose of this study is to understand the wettability of
pure metal by liquid sodium by using both experimental and theoretical approaches.
High-purity metal plates of titanium, vanadium, iron, nickel copper, and molybde-
num were used in the experiment. Wettability was evaluated using the contact angle
obtained using the tangent method, and simple surface models were constructed for
theoretical calculation. The contact angle was evaluated using two kinds of atomic
bonds, and the result showed a relation between the contact angle and the atomic
bond.

Keywords Liquid sodium ·Wettability · Contact angle · Atomic bonding ·
Electronic structure

Purpose

Liquid sodium is used as a coolant of a fast reactor because of its high thermal
conductivity and high melting temperature. Liquid sodium is always in contact with
a lot of equipment and pipes in a plant, and there is a difference in the performance
of the contact state required by equipment. For example, it is required that the heat
exchanger tubes in the heat exchanger and sodium oxide trap mesh in the cold trap
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have good wettability. On the other hand, it is required that sodium pipes and a part
of valves have low wettability. If the wettability of the surface can be controlled,
equipment performance improves. The wettability of structure materials by liquid
sodium is an important property in designing the apparatus of the fast reactor. It is
well known that wettability is affected by factors such as surface roughness and type
of metal [1–3]. The purpose of this study is to understand the wettability of pure
metal by liquid sodium by using both experimental and theoretical approaches.

Experimental Evaluation of Wettability

Experimental Procedure

High-purity metal plates of titanium, vanadium, iron, nickel copper, and molybde-
num were used in an experiment to evaluate wettability. Stainless steel (SUS304),
which is the typical structural material for the fast reactor, was utilized as the ref-
erence material. High-purity sodium was also used in the experiment to avoid an
adverse impact of impurity elements to surface tension. The experiment was carried
out in a grove box filled with high-purity argon gas because the chemical reactivity of
liquid sodium with oxygen and moisture is very high. The oxygen and moisture con-
centrations in argon gas were less than 3 and 0.54 ppm, respectively. Wettability was
evaluated using the contact angle obtained using the tangentmethod. The temperature
of the metal plate and liquid sodium during the experiment was 140 °C. Experiments
were repeated more than three times, and the contact angle was evaluated using the
average of these experimental values.

The surface roughness values of all of the plates used in the experiment were
evaluated using Mitutoyo SJ-410. A typical result of nickel plate surface rough-
ness measurement is shown in Fig. 1. The arithmetic mean roughness (Ra) was

Fig. 1 Surface roughness of
the nickel plate used in the
experiment
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0.028E−6 m. All of the plates used in the experiments had similar surface roughness
values to that of nickel. Hence, it could be suggested that surface roughness has a
negligible effect on wettability in this study.

Experimental Result

The experimental result of a sodium droplet on a titanium plate is shown in Fig. 2.
It was confirmed that there was no oxidation of the droplet because of its mirror
surface. Contact angles were measured using both A and B sides of this picture. The
average value of A and B was defined as the experimental value.

The experimental results of contact angles for eachmetal plate with liquid sodium
are shown in Fig. 3. There is a small variation of experimental values for each metal,

Fig. 2 Sodium droplet on the titanium plate

Fig. 3 Change of contact angle by plate metal
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but its change depends on the melting temperature of each metal. It is interesting that
the trend of change depends on the periodic table. The change of the contact angle
decreases as the atomic number increases. This possibly means that the contact angle
relates to the atomic interaction between metal of the plate and sodium.

Calculation of the Electronic Structure of the Interface

Molecular Orbital Calculation

An electronic structure of the interface between metal and sodium was calculated to
understand atomic interactions. The discrete variational (DV)–Xα molecular orbital
method [4–7] was used in the calculation of the electronic structures of the interface.

Calculation Model of the Interface

Simple surface models of the interface were constructed for the calculation. A
schematic representation of the wetting state of the metal plate with liquid sodium
is shown in Fig. 4 using a simple atomic model. There are three kinds of atomic
bonds in this interface. One is the M–M bond between metal and metal in the metal
plate, which corresponds to the surface tension of metal. Another bond is the M–Na
bond between metal and liquid sodium, which corresponds to the interface tension

Fig. 4 Schematic of the
atomic level of the wetting
surface
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Fig. 5 Cluster models used for electronic structure calculation: a body-centered cubic type and
b face-centered cubic or close-packed hexagonal crystal type

between solid and liquid. There is also the Na–Na bond between liquid sodium and
liquid sodium, which corresponds to the surface tension of liquidmetal. If the surface
condition is the same as the surface roughness and oxidation layer, it is expected that
wettability depends on atomic interaction. On the basis of this atomic model of the
interface, a cluster model for calculation was constructed.

The cluster models used in the calculation are shown in Fig. 5a, b. Two types of the
interface model were constructed because there are three types of crystal structure
(body-centered cubic, face-centered cubic, and close-packed hexagonal crystal) of
the metal plate. The same cluster model is used for the face-centered cubic or close-
packed hexagonal crystal because the difference is only in layer stacking. Figure 5a
shows the cluster model for a body-centered cubic metal. Figure 5b shows the cluster
model for metal possessing a face-centered cubic or close-packed hexagonal crystal.
Sodium atom is located on the centered plate metal atom. This location is called
on-top site and represents the general contact site between two kinds of metal.

Calculation Results

Electron Density of States

The electron density of states of the iron and sodium interface is shown in Fig. 6.
From these figures, most of the electronic density of states near the Fermi energy
level is composed of the Fe–3d band, Na–3s band, and Na–3p band. In particular,
the Fe–3d band is located near the Fermi energy level (Ef). The main features shown
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Fig. 6 Electron density of states of the interface between the iron plate and sodium

in Fig. 6b for the Fe–3d band quite resemble the results obtained from the band
calculation [8–10] despite the use of the small cluster model shown in Fig. 5a.

Charge Transfer

The calculation results for ionicity are shown in Table 1. Ionicity expresses the charge
transfer between atoms. A negative value means receiving electrons, and a positive
valuemeans releasing electrons. The centeredmetal atomand thefirst neighbor atoms
have negative iconicity, whereas the second neighbor atoms and sodium atoms almost
have positive ionicity. It is clear from this result that the charge transfer took place
from the surrounding second neighbor metal atom and sodium atom to the center
and the first neighbor atoms. The amount of charge transfer relates to the difference
in the electronegativity of metal and sodium.

Table 1 Ionicity of each atom in the cluster model

Plate metal Atom

Center 1st neighbor 2nd neighbor Na (1) Na (2)

Ti −0.1774 −0.0633 0.1488 −0.1310 0.0717

V −0.2276 0.0087 0.1919 −0.0649 0.0501

Cr −0.1449 −0.0412 0.2008 −0.0642 0.1055

Fe −0.1395 −0.0337 0.1018 0.0224 0.1613

Ni −0.1689 −0.0838 0.0541 0.1267 0.1775

Cu −0.1418 −0.0472 0.0169 0.1590 0.1693

Mo −0.2606 −0.0144 0.0432 0.0497 0.2110
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Fig. 7 Change of bond
order with plate metal

Atomic Bonding

The atomic bonding of the interface is shown in Fig. 7. The vertical axis, which
is the bond order, denotes the strength of atomic bonding. When the bond order is
large, the atomic bonding force between atoms is strong. This figure shows that the
bond order between the center atom of the plate metal and the first neighbor atom
is larger than the other bond orders, and it changes with the atomic number. The
bond order between the center atom and the second neighbor atom is very small.
These results mean that the atomic bonding of the surface metal largely depends on
the kind of metal. It is interesting that the bond order between the center atom and
the sodium atom on the center atom changes with the atomic number of metals. It
means that the atomic bond strength of the interface is influenced by the kind of
metal and that wettability is influenced by the atomic bonding of the interface. The
bond order between sodium atoms is almost constant, and this result means that the
atomic bonding between sodium atoms is not influenced by the kind of metal. This
calculation result shows that the atomic bond of the interface plays an important role
in understanding interface behavior (Fig. 7).

Relationship Between Wettability and Atomic Interaction
of the Interface

This study considers the relation between the contact angle and atomic interaction.
The contact angle shown in Fig. 8 is expressed by Young’s equation [Eq. (1)] [11].

γSV = γSL + γLV cos θ. (1)
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Fig. 8 Schematic of the contact angle and surface force

In this equation, the surface tension of plate metal γSV corresponds to the atomic
bonding between metal atoms of the present calculation. The surface tension of
liquid sodium γLV corresponds to the atomic bonding between sodium atoms, and
the interface tension between plate metal and liquid sodium γSL corresponds to the
atomic bonding between the plate metal atom and sodium atom.

The contact angle was evaluated using the calculated atomic bonding. The atomic
bonding between sodium atoms remains almost the same with the kind of plate
metal in Fig. 6. Therefore, it hardly affects wettability. On the other hand, the atomic
bonding of the interface between the plate metal atom and sodium atom and the
atomic bonding of the surface between plate metal atoms are very important in
theoretically understanding wettability because they change with the kind of plate
metal. The contact anglewas evaluated using the atomic bonding between platemetal
atoms and the atomic bonding between the plate metal atom and sodium atom. The
evaluated results are shown in Fig. 9.

In this figure, the vertical axis denotes the contact angle, and the horizontal axis
denotes the bond order ratio. It is clear that the contact angle decreased with the
increase of the atomic bonding ratio. When the atomic bonding between plate metal
and sodium is stronger than that between metals, the contact angle becomes smaller.

Fig. 9 Relationship between
contact angle and bond order
ratio
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In other words, compared to the surface tension of the plate metal, when the interface
tension between the plate metal and sodium becomes stronger, wettability becomes
good. From these results, it is expected that the atomic bonding of the interface affects
wettability. However, the contact angle of the titanium plate is not consistent with
this concept. It is considered that the following reasons cause this inconsistency. In
general, the surface of metal has a very thin oxidation film. Sodium has high reducing
character, so when liquid sodium comes into contact with metal, the oxidation film
on the metal disappears. By the reduction of the oxide film, liquid sodium comes
into direct contact with metal. However, titanium oxide is thermodynamically more
stable than sodium oxide. Titanium oxide remains on the metal, and the titanium
plate does not come into direct contact with liquid sodium. The experimental results
of the titanium plate are not a true value and include the value of the oxide film. For
this reason, it is expected that the experimental result for titanium is not consistent
with the calculated atomic bonding.

Conclusion

The experiments of wettability and the calculation of the electronic structure were
carried out in order to understand the wettability of pure metal by liquid sodium. The
contact angles for wettability were evaluated using atomic bonding. As a result, it
became clear that there was a relation between the contact angle and atomic bonding.
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How to Measure High-Temperature Heat
Capacity Reliably by Drop Calorimetry
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and Xuewei Lv

Abstract High-temperature heat capacity measurements can be a very powerful
means to investigate and understand the properties ofmaterials, and high-temperature
heat capacity values are also the key thermodynamic data can be used for calculat-
ing phase diagram, chemical reaction, and multi-phase equilibrium. As one of the
most promising method, drop calorimetry has attached much attention during the
past years due to its special 3D thermal sensor, which provides more accurate mea-
surement of high-temperature heat capacity. All the subsequent insightful analyses
and further discussion should be based on correct experimental data. A few critical
concerns about high-temperature heat capacity measurements by drop calorimetry
were summarized in this study. Various possibilities in the measurements will be
given to show how much the experimental data deviated from their exact values, and
those concerns should be taken seriously during actual measurements in order to
obtain reliable high-temperature heat capacity values. The sample properties such as
water absorption capability, particle size, weight test, surface roughness are critical
for Drop calorimetry. The stable room temperature is essential for measuring heat
content of the sample. Various integration methods should be carefully considered
and selected when face the different heat flow types before and after the Drop test.
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Introduction

Chemical thermodynamics is widely used in comprehensive evaluation of prepara-
tion related with material synthesis, which is regarded as a powerful tool to deep
understand the interrelationship among chemical composition, structure, and prop-
erties [1–8]. The calculation of thermodynamic equilibria and chemical reaction
require basic knowledge of inputting essential thermodynamic data for each sub-
stance involved, namely the values of formation enthalpies and formation entropies
at 298.15 K, as well as the expression of high-temperature heat capacity. Above
all, heat capacity at constant pressure is one of the essential thermophysical charac-
teristics determining the thermal behavior of a thermoelectric materials, which can
convert energy directly between heat and electricity [9]. With the development of
experimental phase equilibria and computational thermodynamics, CALPHAD [10]
(computer coupling of phase diagram and thermochemistry) is extensively applied in
the past years, and the high-temperature heat capacity is the critical thermodynamic
propertied to establish the model of the stoichiometric compounds for reassessing
the phase diagrams byCALPHADmethod. Theoretical calculation and experimental
test are two kinds of the frequently used ways to obtain the reliable heat capacity
values both at low-temperature and high-temperature. While, the big challenge for
high-temperature heat capacity measurements still remains when theoretical calcu-
lation is applied in this filed based on ab-initio principle and molecular dynamics
simulation for mixed oxides. Therefore, the experimental test based on calorimetric
technology is still the most common and reliable method from the literature.

Although heat capacity is a relatively easily accessible property from the experi-
mental point of view and can be measured for mixed solids over a broad temperature
range from near 0 K up to their melting temperature. Generally, the calorimetric
technology can be clarified as two kinds, namely low-temperature calorimetric tech-
nology and high temperature calorimetric technology. The PPMS (physical property
measurement system) has been taken for low-temperature Cp measurements, and
the calibration in PPMS instrument must be often operated to avoid getting incorrect
heat capacity values [11]. As for calorimetric experiment at high temperature (when
temperature beyond 273.15 K), although a standard measurement process is set by
American Society for Testing Material (ASTM) standard [12, 13], the heat capac-
ity measured by DSC (differential scanning calorimetry) still has bad repeatability
from time to time and from person to person even when using the same sample and
instrument [9]. As for another calorimetric method, drop calorimetry with the spe-
cific 3D thermos-pile shows good data repeatability and reliability, thus receiving
great interest in recent calorimetric field [14–16]. The aspects of sample preparation,
operational procedure, and data treatment have a big impact on the final test results,
which should be paid close attention during test procedure.

In this paper, the principle and instrument of drop calorimetry were first intro-
duced, and subsequently, a few key concerns during high-temperature heat capacity
measurements by drop calorimetry were analyzed and discussed with detail. Var-
ious possibilities in the measurements will be given to show how much the heat
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capacity values deviate from their exact values. These concerns should be taken seri-
ously duringmeasurements in order to obtain reliable high-temperature heat capacity
values.

The Basic Principle of Drop Calorimetry

The main theory of drop calorimetry is the measurement of the enthalpy changes of
the specific sample that is being dropped from T 1 to the detector which is kept at
higher temperature (T 2), and the schematic diagramof drop calorimetry can be shown
inFig. 1.When a sample at the room temperature drops into the furnace, the additional
heat must be delivered to the system to maintain the preset temperature. This heat is
proportional to the heat content of the sample. Through conducting the experiment
for several temperatures, enthalpy changes as a function of temperature are been
determined, and subsequently, the high-temperature heat capacity is obtained from
its derivative as shown in Eq. (1):

Fig. 1 Schematic diagram
of drop calorimetry
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Fig. 2 General step of preparing the drop sample

Cp =
(
dH

dT

)
P

(1)

where T andH were the absolute temperature (K) and enthalpy (J), respectively. The
subscript p denoted that the heat capacity values based on Eq. (1) were measured
under atmospheric conditions.

The equipment of the enthalpy changes was performed with a Multi-detector
High Temperature Calorimeter (MHTC 96 line, Setaram. France) with installed drop
sensor. Since the drop calorimetry is the comparison method, it is necessary that
during each experiment a standard material with known heat capacity is measured
during each Drop test. However, since small heat quantities are measured due to the
small temperature increase of the dropped sample, on an absolute scale, the enthalpy
error for this temperature range is acceptable, and these results can be considered in
the heat capacity evaluation.

The general step for preparing the sample is shown in Fig. 2. Before the drop
calorimetry instruments, it is required to compact pieces of the powder material.
Generally, cylindrical pelletswith 4mmdiameter and2mmheight should beprepared
using a hydraulic press. The mass of samples ranges from 80 to 100 mg due to keep
the weight of a standard sapphire (α–Al2O3) consistent.

In addition, the most considered aspects during the Drop process such as sample
properties, operational procedure, and data treatment should be typically taken into
account due to obtain more available calorimetric data.

Sample Properties

Sample is the center and the main factor during the whole Drop test, which not only
affect the sample preparation but also subsequent calorimetric test. Different samples
may have diversity of particle size, surface roughness, and moisture and which cased
various results according to sample property.

Weight test should be as directly and clearly as possible, and the high precision
weighting instrument will be suggested when measuring the sample mass.

Particle size of the powder sample mainly has an influence on the pellet process.
With regard to the drop calorimetry instruments, it is required to have compacted
pieces of the material. Usually, cylindrical pellets are suggested. The large particle
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size may make the bad condition for balling process, and the surface roughness of
the as-prepared pellets was on good enough to perform the Drop test.

Surface roughness also affects the process when the sample drops from the room
temperature to the detector which is kept at high temperature, and when the sample
has a rough surface, it may be crushed during the Drop process.

Moisture is also the typical factor, which always is facedwhen carried out theDrop
test. Taking NaCO3 as an example, water absorption capability on the sample surface
should not be neglected. Hence, the sealed storage of the roasted sample should be
taken when bringing it into the Drop instrument inner, and the inner atmosphere must
be turned to pure Ar gas due to prevent further pollute of the sample.

Operational Procedure

Operation is another critical aspect, which affects the veracity of the experimental
accuracy. For best of our knowledge, those concerns should be taken seriously and
avoided asmuch as possible during the actual operation.As for operational procedure,
the follow point should be paid more attention.

Room temperature has a little influence on the heat flow curve when temperature
beyond than 573 K. Although the drop calorimetry was always performed, the stabil-
ity of room temperature is necessary for measuring the heat flow of the sample when
temperature is lower than 573 K because any changes on the room temperature may
cause an obvious fluctuation of heat flow curve. Figure 3a presents a specific heat
flow curve changes when the room temperature is not stable in contrast to Fig. 3b.
What the worst, if this heat flow changes take place just as the sample is dropping
from the top to the constant temperature zone. As a result, the experimental data of
this Drop test should be repeated. Therefore, the stability of the heat flow before and
after Drop test is necessary and essential to avoid the undesired trouble.

Fig. 3 Typical heat flow changes caused by room temperature unstable
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Discussion

The typical heat flow curve of one sequence can be shown in Fig. 4, which con-
cludes four Drops of sapphires (α–Al2O3) (No: I, III, V, and VII) and four Drops of
sample (No: II, IV, VI, and VIII), and each endothermic peak should be individually
integrated to compute the heat content Qsample and Qreference terms from equations
as shown in Eq. (2), subsequently to calculate the heat capacity values. By the heat
flow curve, enthalpy changes as a function of temperature are obtained according to
Eq. (2):

�
Tm
Ta
Hm = Qsample

Qreference
× mreference

msample
× Msample

Mreference
×

Tm∫
Ta

Cp(T )dTreference (2)

where Ta and Tm are the room and detector temperatures, m andM are the mass and
themolarmass of the referencematerial and studied sample, respectively.Cp(T ) is the
temperature function of the sapphire reference molar heat capacity in the literature,
and Qsample and Qreference are heat content by integrated individually each peak of the
heat flow signal using Origin Software.

However, the different results could be obtained when using the various integra-
tion methods. In this part, the various integration methods according to different
experimental curve will be discussed with detail.

It is also evident that a slight variation of the temperature appears during the
experiment which is due to the shock upon the drop of the low-temperature material
into the hot sensor. However, this phenomenon has no negative effect on the final
enthalpy increment determination as the temperature always re-equilibrates at the
programmed value.

Fig. 4 Typical heat flow curve of one sequence
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Fig. 5 The enlarged insight near endothermic peak

The enlarged insight near endothermic peak is presented as shown in Fig. 5, which
includes four kinds of endothermic peak typical A, B, C, and D. The S-S methods
should be considered in priority when integrated the endothermic peak from the
literature, and this integration method is very suitable for the endothermic peak of
Drop test.

Another common method such as interpolation method and extrapolation method
also should be taken into consideration when dealing with the real situation.

Conclusions

Several concerns that may be caused incorrect data during the Drop test were pre-
sented in this study. The basic principle of drop calorimetry was first introduced
with detail. The sample properties such as water absorption capability, particle size,
weight test, surface roughness are critical for Drop calorimetry. The stable room tem-
perature is essential for measuring heat content of the sample. Various integration
methods should be carefully considered and selected when face the different heat
flow types before and after the Drop test. It is suggested that the drop calorimetry is
the most promising method and will be widely applied in the further.
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Abstract Due to the remarkable properties of graphene oxide (GO) and its possibil-
ity of functionalization, GOhas been used inmany applications such as nanocompos-
ites. GO nanosheets have been shown to improve the properties of the polypropylene
(PP) matrix, for instance, its strength, gas barrier, thermal, and electrical conductiv-
ity. As PP has relatively low cost and varied applications, this work aims to study the
changes in its thermal, morphological, and mechanical properties, due to the incor-
poration of GO in the PP matrix. GO was synthesized from graphite by a modified
Hummers method. The nanocomposites PP/GO with 0.1, 0.2, and 0.3 wt% of GO in
the PP matrix were obtained using a twin-screw extruder and an injection molding
machine via a melt blending process. The nanocomposites PP/GO were character-
ized by FE-SEM and Izod impact test. In addition, the GO nanosheets were also
characterized by Raman spectroscopy, ATR-FTIR, FE-SEM, and XRD, therewith
correlation between properties was discussed.
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Introduction

Carbon nanostructures have been extensively studied due to their excellent properties
and numerous applications such as nanocomposites [1]. Graphene nanosheets can
be obtained by mechanical exfoliation (scotch-tape method) of bulk graphite [2] and
by epitaxial chemical vapor deposition [3]. Although preferred for synthesis, these
methods require devices that make large-scale manufacturing difficult. In contrast,
chemical methods are easy to perform for large-scale synthesis of graphenematerials
[4]. In 1859, Brodie first showed the synthesis of graphene oxide (GO) by adding
a portion of potassium chlorate to a graphite paste in fuming nitric acid [5]. In
1898, Staudeninaier improved this procedure by using a mixture of concentrated
sulfuric acid and fuming nitric acid, followed by the gradual addition of chlorate to
the reaction mixture. This change provided a simple protocol for producing highly
oxidized GO [6].

In 1958, Hummers reported an alternative method for the synthesis of graphene
oxide using KMnO4 and NaNO3 in concentrated H2SO4 [7]. The Hummers method
has received much relevance in the last decades due to its high efficiency and sat-
isfactory reaction safety; however, it still has some disadvantages. For example, the
oxidation procedure releases toxic gases such as NO2 and N2O4, while residual Na+

and NO3
− ions are difficult to remove from wastewater formed by the synthesizing

and purifying processes of GO. For this reason, in this work, the graphite oxidation
was performed by a modified Hummers method, as it has several advantages and is
safer compared to the usual techniques. Among the adjustments made, KClO3 was
replaced with KMnO4 to improve reaction safety and eliminate the release of ClO2

(explosive) [8]. The adjustment used in the present work was successful in increas-
ing the reaction product and further reducing the release of toxic gas while using a
different ratio of KMnO4 and H2SO4 as required by the Hummers method.

Graphite has a similar layered structure as GO, but the plane of carbon atoms in
GO contains oxygen, which expands the distance between the layers and makes the
atomic thick layers hydrophilic. Therefore, these oxidization layers can be exfoliated
under moderate ultrasonication. When these sheets contain only one or a few lay-
ers of carbon atoms they are called graphene oxides (GO) [9, 10]. Graphene oxides
are extremely relevant for applications in various areas, such as composite materi-
als, polymer-composite, solar energy, and among others. Polymeric nanocomposites
are two-phase materials in which one of the phases is formed by nanoparticles dis-
persed in a polymeric matrix represented by the continuous phase, providing new
and improved properties compared to conventional polymer composites [11]. The
implementation of graphene oxide as nanocomposite has been widely reported due
to improvements in the properties of several matrices as a result of the addition of
functional groups [10].

Polypropylene (PP) is one of themost widely used industrial-scale polymermatri-
ces in today’s world thanks to its great versatility, due to its chemical structure, pro-
cessability, and properties, as well as its recycling potential [12]. In order to study
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ways to improve the PPmatrices, such as their thermal, morphological, andmechani-
cal properties, the present work considers the incorporation of GO as essential. Thus,
producing PP/GO nanocomposites with 0.1, 0.2, and 0.3 wt% GO in the PP matrix.

Methodology

Synthesis of GO by the Modified Hummers Method

Thegrapheneoxide (GO)wasproduced fromexfoliatedgrapheneusing theHummers
method. However, this method has been slightly modified with respect to the process
times and reagents proportions.

In a 600 mL beaker, 5 g of exfoliated graphite and 15 g of KMnO4 were added.
The beaker was subjected to an ice cube “water bath” and 100 mL of H2SO4 was
added dropwise, whereupon gas was released under magnetic stirring for 30 min.
Still in the ice bath, 400 mL of distilled water was added to the beaker, in which
gases were also released. This solution was then placed in a water bath at 90 °C for
1 h.

Then a prepared solution of 70mLH2O and 30mLH2O2 was added to the beaker,
under magnetic stirring and heating at 50 °C for 4 h (due to technical limitations, it
was 3 h in one day and 1 h in the next), which showed no reaction. The resulting
solution was taken to the vacuum pump with the addition of a solution of 50 mL of
HCl and 450 mL of distilled water for filtration in a Büchner hopper in a vacuum
system. Then the material retained on the filter was dialysed in a 2 L beaker for
5 days, changing the water twice a day, until reaching a pH between 5 and 6.

Finally, the powder material was frozen and separated into small beakers for 1 day
and lyophilized to obtain the GO, which was then subjected to 4-cycle ultrasound in
a 200 mL beaker for 15 min each.

Preparation of Composites

Polymeric composites were prepared in different compositions by weight: 0.1,
0.2, and 0.3 wt% of GO. The GO nanosheets were incorporated into neat
polypropylene (PP) using a twin-screw extruder model Haake Rheomix with
16 mm and L/D = 25 rate from Thermo Scientific. The temperature profile was
185/195/195/190/190/190 °C. The screw speed was set from 15 to 60 rpm. The
extruded materials were cooled down in room temperature water for better dimen-
sional stability, pelleted, dried at 60 °C ± 2 °C for 24 h, and fed with injected molds
from 180 to 185 °C. Then, the mold temperature was set to 50 °C and test samples
for tensile and impact test were obtained.
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Characterization of Graphene Oxide Nanosheets
and Polypropylene Based on Graphene Oxide Nanocomposites

The characterization of GO nanosheets were made by the analysis Raman Spec-
troscopy using model MacroRam Horiba Scientific, λ = 785 nm, power 7%, 40 for
acquisition, and 5 spectra for accumulation. X-ray diffraction (XRD) was performed
on a model Bruker D8 Advance 3 kW diffractometer equipped with Cu-K alpha
radiation tube and scintillation detector. The samples were analyzed in the form
of powder at room temperature, and the angular range was 3.0 º up to 60.0 º with
an increment of 0.05. Attenuated total reflectance Fourier transform infrared and
spectroscopy (ATR-FTIR), the spectra were acquired by Fourier transform infrared
spectroscopy using a total attenuated reflectance sensor in powder samples of GO
and the PP/GO nanocomposite. For PP/GO nanocomposites were performed ten-
sile tests using an INSTRON Testing Machine model 5564, according to ASTM D
882-91 in order to evaluate the mechanical behavior of the materials studied. Each
value obtained represented the average of five samples. Morphological characteri-
zation of PP/GO 0.3 wt% composite was carried out using field emission scanning
electron microscopy (FE-SEM), cryofractured samples under liquid nitrogen were
carried out using a model JEOL-JSM-7401 F, microscope with an accelerating volt-
age of 1–30 kV, using EDS Thermo-Scientific mod. Noran System Six software, in
gold-coated powder samples using sputter coater.

Results and Discussion

GO Characterization Results

Field Emission Scanning Electron Microscopy (FE-SEM)

Figure 1 shows FE-SEM micrographs of surface of the PP/GO 0.3 wt% in 500 ×
magnification and 1.000 × magnification. The micrographs of the PP/GO 0.3 wt%
cryofractured surface shown in the figures show a relatively uneven rough surface
with aggregated domains.

Raman Spectroscopy Analysis Results

Figure 2 shows the Raman spectrum of GO after the background subtraction. The
characteristicsD (disorder band) andG (in phase vibrations band) of GO are present,
so as the 2D band. TheD band is located at 1345 cm−1 and theG band at 1600 cm−1.
These values agree with ones reported in literature [13, 14]. They are also associ-
ated with the representation E2g first-order scattering of the D6h symmetry group in
graphene and the breathing mode in aromatic rings [13, 15].
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Fig. 1 FE-SEM images of PP/GO 0.3% a 500 × magnification and b 1.000 × magnification

Fig. 2 Raman spectroscopy of graphene oxide in powder form

The ratio between the intensity of the overtone 2D and the intensity of theG band,
together with the intensity ratio of D and G bands, can show to us the approximate
number of layers in the GO structure [16]. According to our measures, the ratio
between the D and G bands was about 2.08, and the ratio between the 2D and G
bands was about 0.89. The value of 0.89 suggests that we have a few layers of
graphene in our system. The high value of ID/IG, 2.08, can be attributed to the
graphitic phase also present in our system [17].

To measure the crystallite size of the GO, we used the modified Tuinstra Koenig
relation suitable for low crystallite sizes La [18, 19]:
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�G
(
cm−1

) = 71 − 5.2 La (1)

We found the value of 8.5 nm. According to [7], it is quite impossible to compare
the extracted value by fitting technique with other results in literature, since there are
different methodologies employed in each work. But we can make a comparison of
this value with the one extracted by Scherrer’s equation within XRD analysis.

XRD Analysis Results

Figure 3 shows the crystalline structure of GO obtained by XRD. It is possible
to observe the Bragg’s angle approximately in 2θ = 10◦, 25◦, and 55◦. They are
associated, respectively, with the (001) hexagonal crystalline structure of GO, (002)
and (004) hexagonal crystalline structure of graphite [14, 20].

According to Bragg’s law, the interplanar distance for the GO (001) crystalline
plane is about 7.97 Å. This result is very similar to what is reported in [20], also, this
value is an intermediate value between 6.1 Å (dry GO) and 12 Å (hydrated GO). The
hydrophilic oxygen in the functional groups in GO formed at the basal plane of GO
sheets absorbedwatermolecules, increasing the interplanar distance or the commonly
said d-space relatively to the dry GO [20]. Applying the Scherrer’s equation, we can
determine the approximate crystallite size. The value found was 4.39 nm, which is
almost the half of the one we have obtained through Raman spectroscopy: 8.5 nm.
Both models to calculate the crystallite size have their limitations, but nevertheless,
it is important to use both to obtain complementary information about the system.
So, the results are divergent by the form factor used in the calculation of the average
crystallite size used in the Scherrer equation.

Fig. 3 Crystalline structure of GO in powder form obtained by XRD
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Fig. 4 Infrared spectroscopy
with ATR accessory for the
identification of GO
nanosheets and its functional
groups

ATR-FTIR Analysis Results

ATR-FTIR-spectra of GO nanosheets shown in Fig. 4.
According to [13, 21], the IR bands at 1049 and 965 cm−1 correspond to the

CO stretching mode of vibration, while the 1280 cm−1 is associated with the C–OH
vibration mode. These results are very important, since the formation of functional
groups are characteristics of GO nanosheets. Also, it was possible to notice the
presence of H2O molecules at the nanopowder. The IR band associated with water
is approximately 1540 cm−1.

Mechanical Test Results

Table 1 shows the mechanical test results by Izod impact.

Table 1 Izod impact test
results

Samples Ea
Izod (J.m-1)

Neat PP 1.15 ± 10

PP/GO 0.1 (0.1 wt%) 3.12 ± 7

PP/GO 0.2 (0.2 wt%) 1.47 ± 7

PP/GO 0.3 (0.1 wt%) 1.17.5

aEIzod Energy required to fracture
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The Izod impact test results are imported since represents the energy needed to
break the nanocomposite structure. Themain goal here is to compare theGO loadings
and verify what composition has a better performance. The nanocomposite PP/GO
0.1 (with 0.1 wt% GO) has presented the highest energy required to fracture: 3.125 J
m−1. This could be explained by the high nanoparticle dispersion into PP matrix, as
can be seen in SEM results.

Conclusion

In this work, graphene oxide (GO) was synthesized from graphite by a modified
Hummers method and incorporated in the PP matrix by melting extrusion process
and characterized. The nanocomposites PP/GO were characterized by FE-SEM and
Izod impact test. In addition, the GO nanosheets were also characterized by Raman
spectroscopy, ATR-FTIR, FE-SEM, and XRD. The results showed that the func-
tional groups C–OH present in the nanocomposite was responsible for adsorb water
molecules and according to SEM the PP/GO 0.1 (with 0.1 wt% GO) has the better
dispersion and because of that has the better impact results. This can be observed in
the FE-SEM images, in which the PP/GO 0.3 wt% showed a roughness surface with
aggregated domains.
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Influence of Sealing Mortar
in the Strength of Compression
of the Structural Masonry Ceramic

M. T. Marvila, A. R. G. Azevedo, J. Alexandre, R. P. Oliveira, M. P. Oliveira,
E. B. Zanelato and S. N. Monteiro

Abstract Seeking to reduce costs, one of the constructive alternatives that have been
employed in Brazil is structural masonry. In this study, the influence of the mortar
on the strength of the masonry was analyzed by two block prisms. The thickness
of the joint was varied in five levels and the unit used was the ceramic structural
block 14 × 19 × 29 cm. After the 28 days of age of the prisms, their resistance to
simple compression and the modules of longitudinal deformation were determined.
According to the results of the average resistance of the samples, the resistance of
the prism is inversely proportional to the thickness of the mortar. However, after
analysis of variance tests, it was concluded that the resistance of the prism to the
thicknesses of 10, 15, and 20 mm are significantly equal; the same was concluded
for the grouping of the thicknesses of 15, 20, and 25 mm.
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Introduction

The use of structural masonry in the construction sector has seen a large increase
in recent years, due to government policies that encourage the construction of more
housing units in order to meet the constant housing deficit in the country [1]. As a
result, studies with the components of this building material have gained importance
in the Brazilian scenario, with a major focus on the main property of these materials:
the characteristic compressive strength [2, 3].

With these studies, it was found that the compressive strength of structural
masonry depends on a number of factors, such as the shape and size of the structural
walls, the anisotropy of the units that form the system, the horizontal and vertical
arrangements of the joints, mechanical properties of the components, quality of the
workforce that performed the services, conditions of cure, and others [4].

Among these factors, one of the main investigated by several researchers is the
non-monolithic behavior of the system that is influenced by the fact that the structural
masonry walls are composed of ceramic or concrete blocks, joined by a settlement
mortar [5]. The strength of these two materials and how they behave together when
receiving the applied masonry loads totally interferes with the compressive strength
of the structural walls.

Hamdy et al. [6] studied the use of additives inmortar applied tomasonry walls, in
order to verify how the modification of the resistance patterns and workability of the
material affected the overall strength of the building system. The authors concluded
that the modifications of the mortar resistance and the water retention of the material
are positive, but could not establish any correlation between the compressive strength
of the masonry walls and the properties studied for the mortars.

Drougkas et al. [7] studied the influence of the mortar Poison coefficient on
the overall behavior of masonry walls when subjected to compression. The authors
proposed a micro-mechanical analysis model and performed experimental tests and
numerical modeling. The results of the authors proved that the variation of the mortar
parameters directly affects the compressive strength of the studied walls, indicating
that further study of the behavior of mortars is necessary to correctly understand the
structural masonry system.

In this context, the objective of this work was to evaluate the influence of the
compressive strength of mortars, using two different types of material with 2.72 and
7.41 MPa, and the thickness of the joint used for laying the blocks, with values
ranging between 5 and 25 mm, verifying how these factors affect the compressive
strength of structural masonry.
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Materials and Methods

In this study, 140 × 190 × 290 mm hollow ceramic blocks were used, as illustrated
by Fig. 1. The blocks were granted by a construction company located in Campos
dos Goytacazes-RJ, Brazil, which uses these units to perform its services. Thirteen
blocks with this pattern were submitted to water absorption [8] and compressive
strength [9] tests following the Brazilian methodologies.

For laying mortars, two mixed mortar compositions were used, the dosages of
which were supplied by the same company that gave the structural blocks. It is
noteworthy that both compositions are also commonly used by this company. CP
II E 32 cement and hydrated lime CH I were used, as well as natural river sand.
Mortar 1 has a ratio of 1:0.80:5.67:1.57 and mortar 2 has a ratio of 1:0.35:4.50:1.05
(cement: hydrated lime: sand: water), both mass compositions. Both compositions
were tested for consistency index tests [10], mechanical tensile strength at flexion and
compression [11], water retention [12], and all methodologies according to Brazilian
standards.

Finally, the analysis of the prisms was performed using two blocks joined with
mortars of different thicknesses. The Brazilian standard [13] recommends the use of
10 mm thick joints. In this work, was used 5, 10, 15, 20 and 25 mm joints with the
mortar 1. For mortar 2 only prisms with a mortar joint 10 mm thick were used. Six
specimens were used for each composition studied.

In the tests of resistance used a press Shimadzu Corporationmodel UH-F500KNI,
with a maximum capacity of 500 kN, with displacement rate of 0.5 mm per minute.

Fig. 1 Ceramic structural
block



594 M. T. Marvila et al.

Results and Discussion

Table 1 presents the results obtained individually for blocks and mortars. The values
obtained are consistent in comparison with the values obtained with the bibliography
for both blocks [1–4] and mortar [14–17]. The focus of the work is not to discuss the
parameters of blocks and mortars individually, but to discuss the influence of varying
mortar thickness on block strength, as will be detailed below.

Table 2 presents the results obtained for the studied prisms. Figure 2 complements
the table showing the relationship between the thickness of mortar joints 1 and the
compressive strength of the blocks. From this figure, the inverse relationship between
compressive strength andmortar thickness is obvious, where the greater the thickness
of the joint, the lower the resistance of the studied prisms. It should be noted, however,
that the thicknesses of 10, 15, 20, and 25 mm have statistical equivalence. This fact
demonstrates the importance of rigorous control in the execution of mortar joints
in masonry walls, since any deviation in the control of joint thickness can cause
significant decreases in the strength of the evaluated material.

Regarding mortar 1 and 2, based on the 10 mm prisms, it is found that mortar 2
provides a very high resistance to the prepared prisms, which can be directly related
to the resistance of the mortar itself (shown in Table 1). Thus, it is noteworthy that,
although it is an obvious fact, the higher the resistance of themortars used, the greater
the compressive strength of the structural masonry made with this mortar.

Figure 3 presents the linear analysis between compressive strength and inverse
mortar joint thickness. The graph clearly demonstrates the relationship between
these two parameters and further highlights how increasing the thickness of joints of

Table 1 Parameters of blocks and mortars

Parameter Block Mortar 1 Mortar 2

Water absorption (%) 23.2 − −
Compressive strength (MPa) 5.99 2.72 7.41

Flexural tensile strength (MPa) − 1.25 3.11

Consistency index (mm) − 275 259

Water retention (%) − 90.4 86.8

Table 2 Parameters of prisms

Prism Nomenclature Compressive strength (MPa)

Mortar 1 with 5 mm P05 2.79 ± 0.49

Mortar 1 with 10 mm P10 1.64 ± 0.29

Mortar 1 with 15 mm P15 1.40 ± 0.08

Mortar 1 with 20 mm P20 1.37 ± 0.13

Mortar 1 with 25 mm P25 1.29 ± 0.07

Mortar 2 with 10 mm P2.10 3.44 ± 0.34
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Fig. 2 Relationship between joint thickness and compressive strength of prisms

Fig. 3 Linear relationship between compressive strength and inverse joint thickness

structural masonry walls is detrimental to the strength of the material, proving the
importance of rigorous control in the execution of this type of structure.

Still in Fig. 3, it is worth noting lastly that the R2 of the equation shown in the
figure is 0.9751, which proves a high regression in the proposedmodel. Finally, Fig. 4
shows the relationship between strength factor and mortar thickness. The resistance
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Fig. 4 Linear relationship between compressive strength and inverse joint thickness

factor is a parameter widely used in structural masonry research and is calculated
by dividing the resistance of the structural unit (ceramic block) by the resistance
obtained by the prism. In this same graph, the values obtained by other researchers
who performed similar research are plotted: Camacho [18] shows that the distribu-
tion of points approximates a distribution of a decreasing linear function; that of the
present study demonstrates that the results are close to a hyperbole whose horizontal
and vertical asymptotes are values close to 0.8 MPa/MPa and 5 MPa, respectively;
Cross et al. [19] and Mota et al. [20] present only three points in their study and little
can be said about the behavior of the points as a function; however, a visual analysis
shows that the distribution resembles a descending portion of a parable. Due to the
confinement of the mortar by the blocks the expected results are: the stabilization of
the resistance value with the thickness increase from a given joint thickness value;
and the exponential increase in resistance as thickness is decreased. In the present
research, it was possible to confirm the above, since we worked from a very small
joint to a high thickness joint, with several repetitions for each joint thickness. There-
fore, the influence of the joint thickness relationship on the compressive strength of
structural masonry prisms is proved.

Conclusions

Based on the results, it is possible to conclude that:

– The increased thickness of the masonry wall joints reduces the compressive
strength of the structural masonry prisms, highlighting the need to control the
services performed with this material;
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– There is a practically linear relationship between the inverse joint thickness and the
compressive strength of the prisms or between the resistance factor of the prisms
and the joint thickness itself, as observed with the results obtained in this research
and in the research of other authors;

– Increasing the compressive strength of mortars is effective in increasing the
compressive strength of structural masonry prisms. Both values have a directly
proportional relationship.
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Influence of the Reduced Graphene
Oxide Incorporation on Properties
of Acrylonitrile Butadiene Styrene (ABS)

Bianca S. Santos, Andre L. N. Inácio, Suellen S. Bartolomei, Taise B. S. Silva,
Karina L. S. Carmo, Rene R. Oliveira and Esperidiana A. B. Moura

Abstract The purpose of this study was to evaluate the influence of incorporation of
the reduced graphene oxide on properties of acrylonitrile butadiene styrene (ABS).
The incorporation of 0.5 and 1.5 wt% of RGO into ABS matrix was carried out
by melting extrusion process using a twin-screw extruder and injection molding
machine. The properties of ABS/RGO nanocomposite samples were investigated
by tensile and impact Izod tests, FE-SEM, and XRD analysis. The results showed
that the incorporation of small amount of RGO into ABS matrix led to obtaining of
polymeric nanocomposite with superior mechanical properties when compared with
original properties of ABS matrix.

Keywords RGO · ABS ·Mechanical tests · SEM · DRX

Introduction

Graphene is a 2Dmaterial and it derivatives such as graphene oxide (GO) and reduced
graphene oxide (RGO) has received much attention in recent years as nanofillers to
produce polymer nanocomposites due to of their outstanding properties, as ultra-
high conductivity, good thermal stability, mechanical and optical properties, excel-
lent structural flexibility, and extremely large ratios [1, 2]. Therefore, graphene is
considered a promising material for application in polymer nanocomposites and
many other fields, as sensors, transistors, and fields related to energy and also bio-
logical applications [3–5]. It is considered to be a potentially superior electronic
circuit material compared to other carbon-based nanofillers. Therefore, graphene
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is considered one of the most important conductive fillers for conductive polymer
composites. Nanocomposite of graphene-based polymer can be prepared by incor-
porating graphene in polymer materials. However, there is a low solubility in polar
and non-polar solvents and homogeneous dispersion in the polymer matrix exfolia-
tion limited to preparation and applications of nanocomposites based on graphene.
Graphene tends to form irreversible agglomerates into the polymermatrices resulting
from Vander Waals attractive forces [6–8].

These nanocomposites agglomerations can prevent the charge transfer to the
matrix and produce points of stress concentration. Therefore, it is essential to improve
compatibility between the matrix polymer and graphene with the modification of the
graphene surface. Due to their abundant oxygen, such groups as hydroxyl, epoxy,
carbonyl, and carboxyl, graphene oxide (GO) can be easily swollen and dispersed
even in water, which has been applied in many polar polymers, such as poly (methyl)
and methacrylate, (PMMA). For higher electrical conductivity and thermal stability,
GO can be reduced, improving the dispersion of graphene in the material and the
interface between graphene and the polymeric matrix [8].

Acrylonitrile butadiene styrene (ABS) copolymer is one of the engineering ther-
moplastics most widely used in the world in many electronics components, as televi-
sions and monitors and also in automotive field, because it has an excellent abrasion
resistance, good chemical resistance, and excellent surface appearance. However,
ABS has very low conductivity for application in electronic devices, and modifica-
tions should be made to improve the electrical conductive. In addition of conducting
fillers as carbon black, carbon nanotubes, graphene, and graphene oxide can be used
in order to form an electrical conducting composite. Carbon black, graphene, and its
derivatives have been widely studied to increase the conducting performance of the
ABS composites [9–12].

The purpose of this study was to evaluate the influence of reduced graphene
oxide’s incorporation on properties of acrylonitrile butadiene styrene (ABS).

Materials and Methods

Materials

For the preparation of nanocomposite by acrylonitrile butadiene styrene (ABS)
with reduced graphene oxide, following materials were used: The acrylonitrilebu-
tadiene styrene (ABS) was produced by BASF, the graphite flakes used in this
experiment is from Química Ltda (Sao Paulo, Brazil), and the reagents for prepar-
ing nanocomposites are: Sulfuric acid (H2SO4, 98%); Potassium permanganate
(KMnO4, 99.9%); Hydrogen chloride (HCl, 37%); Hydrogen peroxide (H2O2, 30%);
Dimethylformamide (DMF); Ethyl alcohol (Ethanol—C2H6O—99.5% Synth).
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Preparation of GO

Graphene oxide (GO) was produced following a modified Hummers method [5].
First, graphite homogenized (5 g) and potassium permanganate (15 g) were added
with concentrated sulfuric acid (100%—98 ml) on an ice bath. The mixture was
mechanically mixed for 30 min then 400 ml of distillated water was added, after that
a solutionwas placed at 90 °C andmaintained at that temperature for 60min. Second,
a hydrogen peroxide solution (30ml) and distilled water (70ml) (30/70%)was added
and placed in a mechanical blender for 4 h. The resulting solution was washed with
hydrochloric acid and distilled water then it was washed with a mix of 200 ml of
water and 200 ml of alcohol, repeatedly, until the pH around 6.0. Then the solid was
dispersed in dimethylformamide (DMF) (30 ml) with distilled water (70 ml) and
sonicated using a high-intensity ultrasonic device (20 kHz and 450 W/cm2) for 2 h.

Reduction of GO

GOsolutionwaswashed several timeswith distilledwater to removeDMFand subse-
quently GOwas added to a mixture of distilled water and ethanol (50 ml/50 ml). The
mixture has been brought to a high-intensity ultrasonic device for 15 min and irradi-
ated with gamma radiation (60 °C) at a radiation dose of 100 kGy (RGO100) using
a multipurpose gamma irradiator located on Radiation Technology Center CTR-
IPEN/CNEN-SP, radiation dose of 6 kGy/h. After irradiation, the aqueous solution
containing RGO was frozen for 24 h and freeze-dried for 24 h to obtain the powder.
Schematic illustration of preparation procedure of the GO and RGO is shown in
Fig. 1.

Composite Preparation

The composites material based on ABS and graphene according to Table 1, were
prepared by melt extrusion using a twin-screw extruder Haake Rheomix with 16 mm
and L/D= 25 rate from Thermo Scientific. The temperature profile was 210–215 °C.
The extrudate materials were cooled down in water at room temperature for a better
dimensional stability, pelletized were dried again and fed into injection moulding
at 195–225 °C temperature profile and specimens test samples were obtained. The
compositions of nanocomposite are presented in Table 1.
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Fig. 1 Schematic illustration of preparation procedure of the GO and RGO

Table 1 Components
percentage in the
formulations

Materials ABS (wt%) RGO (wt%)

Neat ABS 100 −
ABS/RGO 99.5 0.5

ABS/RGO 98.5 1.5

Characterization

X-Ray Diffraction (XRD)

The XRD analysis of the ABS and its composites materials were carried out using
a Philips XPERT-MPD diffractometer with CuKα radiation (λ = 1.54 nm) operated
at 40 kV, 40 mA, with 2θ varying between 2° and 90°.

Raman Spectroscopy

The Raman spectra of RGO nanosheets were obtained using a Raman spectrometer
HORIBAJobinYvon, France,with a confocalmicroscope equippedwith a solid-state
laser crystal (λ=532nm) as the excitation source. The spectra obtainedwere adjusted
by the image acquisition software (LabSpec 5.1; Horiba Jobin Yvon) supplied with
the instrument.
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Field Emission Scanning Electron Microscopy (FE-SEM)

FE-SEM of RGO nanosheets and its nanocomposites materials with ABS were
carried out using a JEOL-JSM-7401 F, microscope with an accelerating voltage
of 1–30 kV, using EDS Thermo-Scientific mod. Noran System Six software, in
cryofractured samples under liquid nitrogen and covered with gold.

Mechanical Tests

The tensile tests were carried out for all samples using an INSTRON Universal
Testing Machine, model 5564, according to ASTM D 638, at room temperature and
loading rates of 50 mm/min.

Results and Discussion

XRD Analysis Results

Figure 2 shows the XRD patterns of the RGO, neat ABS, and its nanocomposites.
As can be seen in Fig. 2 the RGO XRD patterns show a sharp reflection peak

at 2θ = 12.6° (d001) characteristic of GO nanosheets, and a large peak at 2θ =
26.6° (d-spacing 3.35 Å) characteristic of graphite, which can suggest that graphite
was partially converted into reduced graphene oxide. Regarding the XRD patterns
of the ABS with 0.5 wt% of RGO addition, the characteristic peak of RGO was

Fig. 2 XRD patterns of the
RGO, neat ABS and its
nanocomposites
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Fig. 3 Raman spectra of GO
and RGO 100 kGy

not observed, suggesting that GO nanosheets have been intercalated between ABS
molecular chains. On the other hand, for ABS with 1.5 wt% of RGO addition, it can
be seen the characteristic graphite peak, but with reduced intensity, suggesting that
part of RGO nanosheets remained non-dispersed into ABS matrix.

Raman Spectroscopy Analysis Results

Raman spectroscopy is an important technique to characterize the electronic and
structural properties of RGO nanosheets including your disorders, defects, and
doping levels. The Raman spectra of RGO are presented in Fig. 3.

The Raman spectra of RGO reveals a prominent peak in theG band, at 1581 cm−1.
The G band is broadened and reveals a peak at 1581 cm−1 due to the oxygenation
of the graphite planes, suggesting the formation of new sp3 carbon atoms. The D
band at 1347 cm−1 is also broadened and with a low intensity which is due to the
reduction in size of in-plane sp2 domains of graphite induced by the creation of
defects, vacancies, and distortions of the sp2 domains after oxidation. The intensity
ratios D/G band of Raman provides information about the structure of graphene. The
intensity radio ID/IG represents defects (edges, vacancies, etc.).

FE-SEM Analysis Results

Figure 4 shows FE-SEM micrographs of cryofractured surfaces of the neat ABS
(Fig. 4a), ABS with 0.5 wt% of RGO (Fig. 4b), and ABS with 1.5 wt% of RGO
(Fig. 4c) with 30.000 X magnification.
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Fig. 4 FE-SEMmicrographs surfaces of neatABS (a) andABS/0.5%RGO(b) andABS/1.5%RGO
(c) with 30.000 X of magnifications, respectively

As can be seen from Fig. 4a, pure ABS shows the presence of two phases. The first
of them in light color and elliptical shape refers to butadiene, the second continuous
phase and without visible separations refer to the other monomers: acrylonitrile and
styrene. The image of cryofractured surfaces of ABS/RGO (0.5 wt%) presented a
homogeneously dispersion of GO without any aggregation in the surface of ABS
matrix (Fig. 4b). However, when 1.5 wt% of GO are addition in ABS matrix it can
be seen some small GO aggregated on the surface of ABS, which are related with the
non-homogeneous distribution ofGO in thematrix. These resultswere late confirmed
by X-ray diffraction (XRD) pattern of the ABS with 0.5 and 1.5 wt% of RGO.
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Table 2 Izod impact test
results of neat ABS and its
nanocomposites

neat ABS ABS/RGO
0.5

ABS/RGO
1.5

Izod impact
strength (J/M)

28.82 24.18 31.76

Mechanical Analysis Results

Table 2 presents the Izod impact test results of neat ABS and its nanocomposites.
The results presented in the table below shows the average values calculated from
the data obtained in tests for five test specimens. From the table, it is possible to
observe that the addition of RGO nanosheets into neat ABS leads to a decreasing in
impact strength. However, there was an increase in impact strength when 1.5% RGO
was added in ABS.

Conclusions

This work investigated the effects of incorporating a small amount of graphene oxide
into ABS. The results showed that the incorporation of RGO nanoparticles in the
ABSmatrix led to a higher impact resistancewhen compared to pureABS, only 0.5%
ABS is well dispersed and a loss for this composition occurred. The 1.5% ABS has
some small RGO clusters and the DRX also showed a peak of the RGO, indicating
that it is not well dispersed in the ABS matrix.

Acknowledgements The authors wish to thank IIAEA-CRP # 17760 RO, FAPESP, and CNPq to
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Inhibition of Flame Propagation
in Nanocomposites with Expanded
Polystyrene Recycled Clay, Gypsum,
and Titanium Dioxide

S. S. Bartolomei, E. A. B. Moura and H. Wiebeck

Abstract The large amount of plastic waste found in the environment, landfills, and
dumps boost research into the recycling of polymer materials, which could reduce
the amount of polymer discarded. In Brazil, the sector that most consumes polymers
is the civil construction that could consume recycled polymers without concerns with
the properties due to applications of low mechanical exigency. However, for appli-
cations in this sector, it is necessary that the materials have some resistance to the
propagation of flames. This work discusses the flame retardance in nanocomposites
with recycled polystyrene matrix and particles of nanoargila, titanium dioxide, and
gypsum. The results of the X-ray diffraction (XRD), differential scanning calorime-
ter (DSC), field emission scanning electronmicroscopy (FE-SEM), and flammability
test. The results showed that glycerol, added during recycling, can plasticize recy-
cled expanded polystyrene while maintaining the flame resistance properties of the
material with flame retardant. It can also be concluded that some particles may delay
the propagation of the flame in the composite.

Keywords Clay · Titanium dioxide · Gypsum · Expanded polystyrene · Flame
retardance
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Introduction

Polymeric materials are present in various industrial sectors and in different applica-
tions, but in Brazil, themain consumer of polymers is the construction sector. In order
for a material to be used in construction, fire safety standards must be met. However,
the most consumed material in this sector, polystyrene (PS), is highly flammable,
releases large amounts of heat and toxic smoke when exposed to a flame, limiting
its applications [1–4].

To reduce flame propagation in PS, halogenated compounds are used effectively,
especially in synergy with antimony oxide, but these additives generate toxic fumes
and intense smokeduring combustion.These factors then influenced the emergenceof
halogen-free flame retardants that were effective for PS, with phosphorus-containing
retardants and intumescent flame retardant systems emerging, but these systems
reduce the thermal stability and mechanical properties of PS. This justifies the devel-
opment of less environmentally aggressive retardants that meet the requirements
[5–11].

Polymeric nanocomposites, formed by inorganic nanoparticles, havemany advan-
tages in flame retardation, such as low heat release rate, low smoke, and toxic gas
production. Montmorillonite clay (MMT) is often used in PS nanocomposites due to
reduction in the maximum heat release rate. But for the clay can be homogeneously
distributed in the polymer matrix, it is necessary to organophilization, turning the
hydrophilicMMT in organoclayMMT.For this, cation exchange is performed replac-
ing the cations presentwithNa+ ions, allowing the swelling ofMMT to occur inwater,
which facilitates the bonding of surfactant, usually quaternary ammonium salt, on
the surfaces of the MMT layers, increasing the spacing between the layers, or basal
spacing, facilitating the exfoliation of clay in the polymer matrix. However, for the
clay to achieve the results required by the standards, it is necessary to add a large
amount of particles, which generate agglomerates in the material and losses in the
mechanical properties. Therefore, the use of clays to provide flame spread resistance
to the material must be accompanied by the use of other flame retardants. Thus, the
clay will provide the reduction inflammability, and the secondary flame retardant
will provide the ignition resistance [5–12].

Metal oxides have been employed in polymeric materials to improve the perfor-
mance of flame retardants. Results show that the addition of TiO2 extends ignition
time by reducing combustion speed, inhibits dripping, and reduces smoke produc-
tion, while also improving mechanical properties, thermal stability, and electrical
properties of polymers [11, 13–15]. The authors Wu, Y. et al., added TiO2 nanotubes
modified with phenoldichlorophosphate (PDCP) in polystyrene matrix. The addition
of 7 wt% of TiO2 modified resulted in a reduction in the maximum heat release rate
and an increase in thermal stability, probably due to the inhibition of some stages of
PS thermal degradation [16]. In addition, TiO2, in the presence of nitrogen (N) con-
taining compounds, such as the quaternary ammonium salt used for organofilization
of clays, can accelerate the release of NH3 and H2O during decomposition, further
reducing the combustion speed [15].
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This paper presents a study of the influence of white clay Cubati-PB, TiO2, and
gypsum addition on flame propagation and thermal stability of recycled polystyrene
(REPS) using solvent fromexpanded polystyrene (EPS).Glycerol (2wt%)was added
as plasticizers during recycling of the EPS. The samples were characterized by DRX,
TG analyses, FEG-SEM images, and flammability tests.

Experimental

Materials

Materials used in this study include recycled expanded polystyrene (REPS) with
flame retardant, recycled post-consumption gypsum, organophilized white clay from
Cubati-PB, titanium dioxide (Degussa AG, Dusseldorf, Germany), and glycerol
(Synth) were used for composite preparation.

Clay Organofilization

White clay from Cubati-PB was modified with sodium carbonate (Na2CO3), then
quaternary ammonium salt was added into the resulting product and mixed. The
dispersed organophilized clay mixture was filtered and washed with deionized water,
thus obtaining the organophilized white clay in a paste.

Composites Preparation

Firstly, the organophilized clay paste was dispersed in ethyl acetate. Then, 1000 ml
of solvent for each 500 g of polymer was added to EPS. Then, 2% glycerol was
added, and the mixture was stirred for 2 h at room temperature. Finally, the mixture
was allowed to stand for solvent evaporation. Recycled gypsum was obtained from
post-consumption gypsum by milled and heating in an oven at 100 °C for 2 h.
Titanium dioxide (TiO2) was oven dried at 60 °C for 24 h to remove moisture.
Four composites were prepared, containing 5% plaster, 5% clay, 5% plaster and
5% clay, 2.5% clay and 2.5% TiO2. The mixture of REPS with glycerol and REPS
without glycerol was also used to compare the results. These materials were prepared
by melt extrusion using a twin-screw extruder HAAKE Rheomex P332, with thread
diameter of 16 mm and L/D = 25 rate from Thermo Scientific. The temperature
profile used during processing was 115/120/130/135/135/135 °C, and the screws’
rotation was 15 RPM. The extrudates coming out of the extruder were cooled in air
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Table 1 Composition and nomenclature of samples

Name White clay Gypsum TiO2 Glycerol

REPS – – – –

REPS-G – – – 2.0%

REPS-G-C 5.0% – – 2.0%

REPS-G-G – 5.0% – 2.0%

REPS-G-CG 5.0% 5.0% – 2.0%

REPS-G-CT 2.5% – 2.5% 2.0%

and pelletized by a pelletizer. At last, specimens were molded by pressing. Thus, the
samples were obtained and named as shown in Table 1.

Characterization Methods

DSC analysis for each sample was performed using DSC Q20 from TA Instruments.
Firstly, the thermal history of each sample was eliminated by heating the samples
from 25 to 300 °C at a scanning rate of 10 °C/min. Subsequently, the samples were
cooled down to room temperature at a rate of 10 °C/min. Finally, DSC curves were
obtained by heating the samples from 25 to 300 °C at a rate of 10 °C/min.

X-ray diffraction (XRD) patterns for the samples were recorded on a Philips
XPERT-MPD diffractometer with CuKα radiation (λ = 1.54 nm) operated at 40 kV
and 40 mA, with 2θ varying between 10° and 60°.

The specimens were fractured at cryogenic temperature; the fracture region was
covered with gold and observed in a scanning electron microscope (Phillips XL-30
FEG-SEM).

The flammability tests of composites were performed in accordance with ASTM
D635.

Results and Discussion

DSC

Figure 1 shows DSC thermograms for all compositions. The glass transition temper-
ature (Tg) shown in Table 2 indicates 1° reduction in Tg when glycerol was added
in REPS. This reduction indicates that the polymer may be toughened by the lubri-
cant. For PS, toughening would be beneficial as this polymer is fragile and has low
impact resistance, but to confirm toughening, mechanical tests would need to be
performed [17, 18]. However, when clay, plaster, and TiO2 particles were added to
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Fig. 1 DSC melting curves

Table 2 Glass transition temperature (Tg)

Sample REPS REPS-G REPS-G-C REPS-G-G REPS-G-CG REPS-G-CT

Tg (°C) 80.5 79.5 82.5 89.5 79 79

the polymer, Tg increased again. The largest increase, approximately 10%, was for
samples containing 5% gypsum (REPS-G-G), expected result due to high particle
fragility [19–21]. When clay, along with gypsum and TiO2 (REPS-G-CG and REPS-
G-CT), was added to the polymer, Tg returned to the levels of recycled material with
glycerol, which may be an indication that clay particles improved tenacification of
the material together with glycerol. However, the addition of only clay (REPS-G-C)
also increased the Tg of the material, indicating that the clay improved the thermal
stability of the polymer, which corroborates the literature data [14, 22, 23].

XRD

XRD spectrum presented in Fig. 2 shows characteristic peaks of the studied particles
and the nanocomposities. For white clay, these peaks correspond to those found for
montmorillonite clay (12, 20, 25, and 26.5°) [9, 24, 25]. The TiO2 sample presented
2θ degree around of 25.3, 37.8, 48, 27.4, and 36° [24]. Recycled gypsum shows
characteristic peaks of bassanite (β-CaSO40, 5H2O) and anhydrite (CaSO4). The
absence of hydrated calcium sulphate (CaSO4 2H2O) characteristic peak of high
intensity, 2θ = 12°, indicates that the recycling process was effective in removing
moisture present in the material [19, 20].
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Fig. 2 XRD spectrum

By observing nanocomposites XRD patterns, it is possible to conclude that the
peaks present are characteristic of the polymeric matrix and of the particles added
with less intensity.

FEG-SEM

Figure 3 shows SEM micrographs of (a) REPS-G-G, (b) REPS-G-C, (c) REPS-G-
CG, and (d) REPS-G-CT taken at with 2500 × magnifications. These images show
an overview of the polymer composite and cryogenic fracture. The images show that
samples containing gypsum have rounded pores from the pullout of these particles
during the fracture, which represents a poor interfacial adhesion between the gypsum
and the polymeric matrix.

Particulars of the particles and polymer matrix can be seen in Fig. 4, where
the images (a) REPS-G-G, (b) REPS-G-C, and (c) REPS-G-CG have 25,000 ×
magnifications, and the image (d) REPS-G-CT has 50,000 × magnifications; this
image required a larger magnification for the TiO2 particles to be visualized. In
image 4 (a), the circles highlight clays embedded in the polymer matrix. In image 4b,
the circles show voids generated by the low adhesion of the plaster to the polymers,
the same can be seen in image 4c, in the area highlighted by the squares, in addition to
the clay particleswithin the circles. In image 4d, it is possible to visualize the interface
of the clay with the polymer, the empty space between them shows that there was no
good adhesion of the particle in the polymeric matrix, in this same image, but in the
checkered area, a TiO2 particle cluster is visualized. In the images of Fig. 4, it is also
possible to visualize a spherical roughness along the entire polymeric matrix; these
spheres may come from the blowing agent present in the recycled EPS, which upon
reaching the expansion temperature generated these small droplets in the matrix.



Inhibition of Flame Propagation in Nanocomposites with Expanded … 615

Fig. 3 SEM micrographs: a REPS-G-G, b REPS-G-C, c REPS-G-CG, and d REPS-G-CT

Flammability Test

The flammability test was performed by exposing the samples to a flame for 30 s.
Then, the flame propagation time was timed until the flame was extinguished or until
it reached 240 s. Table 3 shows the ignition time in seconds, the burnt length during the
test in millimeters, and the flame propagation velocity in mm/min. REPS and REPS-
G samples self-extinguished within 2 and 9 s, respectively, when the induced flame
was extinguished. The flame specimen was 100 mm long, and for the REPS-G-G
sample, this length was completely consumed after 240 s. In REPS-GC, REPS-G-
CG, and REPS-G-CT samples, flame propagation was slower, the material was not
fully consumed during the test time, and the lowest flame propagation velocity was
presented in sample REPS-G-CG. Thus, it can be concluded that the presence of clay
together with plaster in the polymeric matrix improved flame retardant effect.

According to Standard D635, a material can be classified as HB if the burn rate
does not exceed 40 mm/min over a range of 75 mm for samples with thickness
from 3.0 to 13 mm, or not burning greater than 75 mm/min over a 75 mm interval
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Fig. 4 FEG-SEM micrographs: a REPS-G-10 and b REPS-G-15

Table 3 Time of ignition, length burning, and burn rate

Sample REPS REPS-G REPS-G-G REPS-G-C REPS-G-CG REPS-G-CT

Essay
time (s)

32 39 240 240 240 240

Length
burning
(mm)

19 23 100 66 24 68

Burn rate
(mm/min)

Extinction
of flame
in 2 s

Extinction
of flame
in 9 s

25 16.5 6.2 17.2

for samples less than 3.0 mm thickness, or if the material stops burning before the
100 mm reference mark. In this study, samples with 3 mm thickness, 20 mm width,
and 100 mm length were used. Therefore, it can be concluded that REPS and REPS-
G samples can be classified as HB, whereas REPS-G-G samples cannot be classified
as HB because the flames consumed all material, with 100 mm length. However,
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the REPS-GC, REPS-G-CG, and REPS-G-CT samples had a burn rate of less than
40 mm/min, but the assay was not performed until the burnt length reached 100 mm,
so it cannot classify these samples in accordance with D635. Even though, it was
recorded that the REPS-G-CG sample presented the lowest burning rate among the
samples that did not auto extinguish the flame.

Conclusions

This study showed that EPS with flame retardant can be recycled without losing the
low flame propagation properties, while maintaining flame self-extinguishing, even
in the presence of a plasticizer, such as glycerol. However, when clay, plaster, and
TiO2 particles were added to the polymer, the material no longer extinguished the
flame. Among the composites studied, the smallest flame propagation velocity was
found for the REPS-G-CG sample; yet during the 240 s of flame propagation test, it
did not self-extinguish the flame.
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and Tribological Properties
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Abstract β-type Ti–20Nb–13Zr alloys with low Young’s modulus were prepared
at different sintering temperatures (950, 1050, 1150, and 1250 °C). The morpho-
logical and structural characteristics of as-prepared samples were investigated by
several methods. Wear tests were conducted using a ball-on-plate type oscillating
tribometer under different applied loads (2, 10, and 20 N). The morphological char-
acterization indicated that the mean pore and crystallite size continuously decreased
with increasing sintering temperature to reach lowest values of 40 nm and 38 nm at
1250 °C, respectively. The relative density of the 1250 °C sintered sample was as
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high as 98.7%. Moreover, the higher sintering temperature resulted in higher relative
density and closed porosity of the sample. Both the friction coefficient and wear rate
were lower in the sample sintered at 1250 °C as compared to other samples. This
enhancement in tribological properties was attributed to a closed porosity.

Keywords Ti-20Nb-13Zr · Nanobiomaterials · Tribological behaviour ·
Nanotribology · Sintering · Biomedical applications

Introduction

Abiomaterial alloy should show good corrosion resistance and high biocompatibility
and have suitable mechanical characteristics such as strength and young’s modulus
[1]. The most commonly used biomaterials include, ceramic (Al2O3 and ZrO2),
stainless steels, Co alloys, and Ti alloys [1–4]. Ti alloys have been used as implant
materials due to their high corrosion resistance and excellent biocompatibility. They
are gradually replacing the Co–Cr alloys and stainless steels 316L in biomedical
applications [5–8]. Development and characterization of Ti alloys with different
alloying elements such as Ni, V, Al, and Cr, were in focus of many studies [9].

Up to now, the Ti–6Al–4V alloy is the most widely used titanium alloy. How-
ever, it has two major problems. The first is the toxic effect of V [7–9] which can
cause mutagenic cytology and allergic reactions [1–5]. For this reason, titanium
alloys without these toxic elements such as Ti–6Al–4Fe and Ti–6Al–7Nb have been
developed [10]. On the other hand, Young’s modulus is generally considered to be
important for implant materials, because implant failure can occur due to the mis-
match in Young’s modulus between the implant materials and the human bone. It is
well known that the most widely used Ti implant material, (α + β) type Ti–6Al–4V,
exhibits a Young’s modulus of 110 GPa, which is significantly higher than that of the
human bone (30 GPa) [1–10]. Thus, in the past few decades, a β-type Ti alloy with
lower Young’s modulus has attracted more attention such as Ti–Mo, Ti–Nb, Ti–Zr,
and Ti–Ni. These β-type titanium alloys not only have lower young’s modulus, but
they also exhibit better wear and corrosion resistance [11–13]. Hence, in order to
develop the Ti alloy biomaterials, selection of suitable chemical components is very
important. For this purpose, Zr and Nb have been extensively used and investigated
as the non-toxic elements for the development of these biomaterials [14, 15].

However, more recently, β-stabilizing elements such as Nb and Mo have gained
a lot of attention to develop low young’s modulus titanium alloys for biomedical
applications, [16]. Additionally, a neutral alloying element such as Zr has also been
used as an alloying element, [17]. It has been reported that Zr and Nb show good
biocompatibility [16–18]. Studies on Ti–Nb alloys have shown that the β phase was
almost retained at 30 wt% of Nb and higher [19, 20]. Also, Ta has also been used
with Nb to stabilize the bcc β–phase, such as Ti–35Nb–5Ta–7Zr, with low young’s
modulus. Nevertheless, their tensile strength is also low. The commercialized Ti–
13Nb–13Zr is the most successful alloy in the Ti–Nb–Zr system [21]. Recently, the
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Ti–20Nb–13Zr alloys with a favorable near-structure were developed for clinical
use [22]. However, their tribological properties have not been investigated which are
very important for the developed biomaterial to be successfully used for biomedical
applications.

Therefore, the tribological behaviour of Ti–20Nb–13Zr alloys produced from
mechanically milled powders and sintered at different temperatures needs to be
investigated [22]. The correlation between sintering temperature and tribological
properties of Ti–20N–13Zr alloys is crucial for biomedical applications. However,
in the case of Ti–20Nb–13Zr alloy, this correlation has not been investigated. Thus,
for the first time, this work aims to report the effect of sintering temperature on the
structural and tribological behaviours of Ti–20Nb–13Zr alloys.

Materials and Methods

Sample Preparation and Characterization

Elementary powders (Fig. 1) of Ti, Nb, and Zr supplied by SIGMA-Aldrich society,
Germany, were used to produce Ti–Nb–Zr alloy. The chemical compositions and
characteristics of elementary powders are listed in Table 1.

Mechanical alloying was performed under an argon atmosphere using the Fritsch
Pulverisette P7 planetary ball mill equipped with hardened steel vial (100 mL) and
balls (Ø = 8 mm) with a speed of rotation of 450 rpm. The ball-to-powder weight
ratiowas 20:1. The synthesiswas performed bymilling cycles of 35min and followed
with equal rest periods (pauses of 40 min) to avoid an excessive rise of temperature
inside the vials. The powders were milled for 48 h, were uniaxially pressed at 2.5×
108 Pa into cylindrical samples of 13 mm diameter and 15 mm in height, and were
subsequently hot isostatically pressed (HIPed) at 1273 K and at an isostatic pressure
of 400 MPa.

Fig. 1 SEM micrographs of as-received powders particles of a pure Ti, b pure Nb, and c pure Zr
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Table 1 Characteristics of
elementary powders used in
the preparation of
Ti–20Nb–13Zr samples

Characteristics Ti Nb Zr

Purity 99.99% 99.98% 99.98%

Particle size (μm) <50 <51 <45

O (wt%) 0.055 0.313 0.212

Fe (wt%) 0.0051 0.00032 0.0002

N (wt%) 0.0012 0.0013 0.0031

H (wt%) 0.008 0.0023 0.0009

C (wt%) 0.02 0.007 0.001

Melting point (°C) 1672 2477 1852

Particle morphology Angular Angular Angular

Density 4.5 8.57 6.49

The compacted samples were then sintered in a vacuum furnace at 4 × 10−12

MPa at sintering temperatures ranging from 950 to 1250 °C at a heating rate of
5K/s. Changes in the powder particlesmorphology (changes in crystallite size, lattice
parameters, andmicrostrain)were evaluated by scanning electronmicroscopy (SEM)
using a Zeiss DSM 960A microscope.

The tribological tests were conducted using a ball-on-plate type oscillating tri-
bometer (tribotester) [23, 24], (Fig. 2), in accordance with the ASTM G 133–95,
ISO 7148–1:2012, and ASTMG 99 standards under wet conditions using phosphate-
buffered saline solution in accordancewithASTMF2129. The chemical composition
of the used PBS is specified in the following Table 2.

Tests were carried out under different applied loads of 2 N, 10 N, and 20 N,
respectively, at a sliding speed of 5 mm/s and a stroke length of 5 mm. An alumina
ball (Al2O3), 5mm in diameter, for which the youngmodulusE= 320GPa, hardness
HV0.02 = 2500, and density= 3.96 g/cm3, was used as a counter face. Wear rate was
calculated using the following equation:

Fig. 2 Ball-on-disk type
oscillating tribometer testing
machine (tribotester). [23,
24]
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Table 2 The most common composition of PBS solution at 37 °C, in accordance with ASTM
F2129

Reagent NaCl KCl Na2HPO4 KH2PO4

Concentration (g/L) 8.0 0.2 1.44 0.24

Concentration (mmol/L) 137 2.7 10 1.8

pH 7.4 ± 0.04

W = V
F.L

(1)

where V: wear volume (μm3), F: normal load (N), and L: sliding distance (μm). The
wear volumewas determined directly by laser profilometry. It was subsequently con-
firmed by the integration of the worn track profile obtained by laser and mechanical
profilometry.

Results and Discussion

Lattice and Crystallite Size Parameter Measurement

Figure 3 shows the evolution of lattice parameters, average crystallite size, and
internal microstrain of sintered Ti–20Nb–13Zr samples. The average crystallite size
slowly decreased with increasing sintering temperature, which was also accompa-
nied by an increase in the average microstrain rate { 1} [25]. The crystallite size
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of studied sample at 950 °C was 43 nm which then reduced and reached a lowest
value of 38 nm for samples sintered at 1250 °C. Similar dependency was reported
in various works [10, 26, 27]. The mean internal strain values increased from 0.1 to
0.45% with an increase in the sintering temperature from 950 to 1250 °C. Further-
more, the lattice parameter {a} increases with increasing sintering temperature, from
3.320 to 3.334 Å, with a rising sintering temperature from 950 to 1250 °C, and only
the β-phase was observed, which represents an extension of 1.1% in cell volume
(Fig. 3). The variation of lattice parameter {a} of Ti–20Nb–13Zr alloy corresponds
to the bcc-structure as previously reported elsewhere [28, 29].

Samples Porosity

Figure 4 displays the evolution of porosity, mean pore size, and the relative density
of Ti–20Nb–13Zr versus sintering temperature. Porosity and mean porosity size
decrease significant with an increase in sintering temperature. Also, as shown in
Fig. 4, the porosity frequency decreased from 0.15 to 0.08% and the mean porosity
size reduced from 50 to 40 nm, at sintering temperatures changing from 950 to
1250 °C, respectively.

The relative density of sintered Ti–20Nb–13Zr alloys increased with sintering
temperature. Additionally, samples sintered at 1250 °C show higher density of 98.5%
than the sintered samples at 950 °C, 1050 °C, and 1150 °C with values of 97%, 96%,
and 89%, respectively.
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Tribological Characterization

Frictional Behaviour

Figure 5 presents the evolution of an average friction coefficient, wear volume, and
wear rate of sintered Ti–20Nb–13Zr alloys under different sintering temperatures and
applied loads. The average mean values of the friction coefficient throughout the test
were ranging from 0.49 to 0.58 at 950 °C to (0.18 to 0.25) at 1250 °C, respectively,
(Fig. 5a).

According to this result, the friction resistance was improved with increasing
sintering temperature which can be attributed to the closed porosity and grain size
refinement. Additionally, as indicated in Fig. 5b, the wear volume of the sintered
Ti–20Nb–13Zr samples decreases with increasing sintering temperature. The wear
volume varied from 3.56 to 4.12 × 103 at 950 °C to (2.91 to 3.45 × 103) μm3 at
1250 °C, respectively. Additionally, as shown in Fig. 5c, the wear rate decreases
with increasing sintering temperature. The specific wear rate ranges from (16.4 to
19.01 × 10−3), (8.82 to 13.95 × 10−3), (7.65 to 12.43 × 10−3) to (6.75 to 11.93
× 10−3) μm3 N−1μm−1 for sintered samples at 950 °C, 1050 °C, 1150 °C, and
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1250 °C, respectively. The above results suggest that the tribological behavior of
Ti–20Nb–13Zr alloys do not only depend on the sintering temperature, but also on
experimental parameters such as the applied load, sliding speed, testing environment,
and friction couple. As described in Fig. 5a–c, the specimens sintered at 1250 °C
exhibit a high wear resistance and good tribological properties. This behaviour can
be attributed to the enhanced mechanical properties due to closed fine porosity and
grain size refinement.

Wear Scars Morphology

Figure 6a–d illustrates SEM micrographs of worn surface of sintered Ti–20Nb–
13Zr alloys, after sliding. For specimens sintered at 950 and 1050 °C, abrasion was
the main wear mechanism, while at medium and high sintering temperatures 1150
and 1250 °C, adhesion was found to be the main wear mechanism. For sample
sintered at 950 °C and 1050 °C (Fig. 6a, b), the wear tracks consisted of deep
grooves produced by plowing or micro-cutting action from hard asperities or due to
the adherent transfer deposits on the counter face. All tested specimens presented a

Fig. 6 SEMmicrographs of Ti–20Nb–13Zr alloys vs sintering temperature at: a 950 °C, b 1050 °C,
c 1150 °C, and d 1250 °C, tested at 10 N
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similar wear mechanism. Irregular areas and a non-homogeneous wear, which was
suggestively caused by the movement of abrasive debris particles from the inside to
the sides of wear track, were detected in the case of the alumina ball counter face
[25, 30, 31]. In particular, this phenomenon was predominantly observed for samples
sintered at 1250 °C.

At 1150 °C sintering, it was difficult to identify the friction mechanism. The wear
did not follow a conventional outline as in the case of 950 and 1050 °C. Samples
sintered at 1150 °C (Fig. 6c) displayed parallel grooves running along the sliding
direction which are covered by wear debris. The sintering at 1150 °C performed as
a repellant to the failure mechanisms of traditional sliding wear, resulting in small
areas of wear that are isolated and irregularly shaped [31–34]. Noise and vibration
were not apparent.

Sample sintered at 1250 °C displayed the lowest wear, as shown in Fig. 5. The
low coefficient of friction (0.23–0.35) (Fig. 5), high density, and porosity (Fig. 4)
are the most important parameters that lead to high wear resistance. The wear scars
morphology shows detachment of the particles.Nevertheless, therewas no significant
difference in wear morphology of samples sintered at 1150 and 1250 °C. In most
cases, samples sintered at 1250 °C presented a good wear performance. In addition,
the worn surfaces were protected by compressed wear debris forming a smooth
transfer film showing very few marks on the samples as can be seen from Fig. 6c, d.

As expected, in the present study also, the Ti–20Nb–13Zr alloy with the smallest
grain size showed the lowest wear rate, which was obtained for the samples sintered
at 1250 °C leading to its closed porosity and higher density as compared to the
un-sintered samples and sintered at lower temperatures (1050 °C).

Conclusions

Nanostructured Ti–20Nb–13Zr alloys were successfully synthesised by powder met-
allurgy methods, aiming to improve the tribological behavior. The effect of sinter-
ing temperature on lattice parameters, relative density, porosity, friction, and wear
behavior was evaluated. The following conclusions can be drawn:

• Ti–20Nb–13Zr alloys sintered at 1250 °C indicated an improved relative porosity,
density, and frictional behavior due to the grain size refinement and high relative
density.

• With increasing sintering temperature and densification, the wear rate and friction
coefficient decreased.

• At 1250 °C, the Ti–20Nb–13Zr alloys showed the lowest friction coefficient and
wear rate as compared to alloys sintered at lower temperatures (950 and 1050 °C).

• Decreased average crystallite size, increased lattice parameter, internal micros-
train, and sintering temperature played a significant role in controlling the wear
rate.

• The higher wear resistance of alloys sintered at 1250 °C is attributed to the
enhanced structural properties.



628 M. Fellah et al.

References

1. Assala O, Fellah M, Mechachti S, Touhami MZ, Khettache A, Bouzabataf B, Weiβ H, Jiang X
(2018) Preparation and characterization of diamond-like carbon films prepared by MW/ECR-
PACVD process deposited on 41Cr-Al-Mo7 nitrided steel. Trans IMF 96(3):1–10

2. Fellah M, Labaïz M, Assala O, Dekhil L, Iost A (2013) Tribological behavior of AISI 316L
stainless steel for biomedical applications. Tribol-Mater, Surf Interf 7(3):135–149

3. Hezil N, Fellah M (2019) Synthesis, structural and mechanical properties of nanobioceramic
(α–Al2O3). J Aust Ceram Soc 00:1–9. https://doi.org/10.1007/s41779-019-00333-7

4. Fellah M, Labaïz M, Assala O, Dekhil L, Iost A (2013) Friction and wear behavior of Ti-6Al-
7Nb biomaterial alloy. J Biomater Nanobiotechnol 4(4):374–384

5. Fellah M, Abdul Samed M, Labaïz M, Assala O, Dekhil L, Iost A (2015) Sliding friction and
wear performance of the nano-bioceramic α–Al2O3 prepared by high energy milling. Tribol
Int 91:151–159

6. Dekhil L, Louidi S, Bououdina M, Fellah M (2019) Microstructural, magnetic, and nanoin-
dentation studies of the ball-milled Ti80Ni20 alloy. J supercond Nov Magn. https://doi.org/10.
1007/s10948-019-05145-1

7. Fellah M, Labaïz M, Assala O, Iost (2013) 5th world tribology congress. WTC 1:470
8. Fellah M, Assala O, Labaiz M (2014) Comparative study on tribiological behavior of Ti-6Al-

7Nb and SS AISI 316L alloys, for total hip prosthesis. TMS 2014 Suppl Proc 32:237–246
9. Fellah M, Aissani L, Iost A, Zairi A, Montagne A, Mejias A (2018) Comportement à l’usure

et au frottement de deux biomatériaux AISI 316L et Ti6Al7Nb pour prothèse totale de hanche.
Matériaux Tech 106(402):1–10. https://doi.org/10.1051/mattech/2018051

10. Fellah M, Aissani L, Abdul Samad M, Iost A, Touhami MZ, Montagne A, Nouveau C (2017)
Effect of replacing vanadiumby nobium and iron on the tribological behavior ofHIPed titanium
alloys. Acta Metall Sin (Engl Lett) 30(11):1089–1099

11. Hou YP, Guo S, Qiao XL, Tian T, Meng QK, Cheng XN, Zhaob XQ (2016) Origin of ultralow
Young’s modulus in a metastable β-type Ti–33Nb–4Sn alloy. J Mech Behav Biomed 59:220–
225

12. Geetha M, Singh AK, Asokamani R, Gogia AK (2008) Ti based biomaterials, the ultimate
choice for orthopaedic implants—a review. Progr Mater Sci 54:397–425

13. Fellah M, Hezil N, Abdul Samad M, Montagne A, Kosman S, Megias A, Iost A, Obrosov
A, Weiß S (2019) Biotribocorrosion behaviour of newly developed nanostructured near β-
types titanium based alloys for biomedical applications. In: NanoMAT2019–2nd international
conference on nanomaterials and their applications -170

14. Meng Q, Guo S, Liu Q, Hu L, Zhao X (2014) A β-type TiNbZr alloy with low modulus and
high strength for biomedical applications. Proc Nat Sci-Mater 24(2):157–162

15. Cui Y, Li Y, Luo K, Xu H (2010) Microstructure and shape memory effect of Ti–20Zr–10Nb
alloy. Mater Sci Eng A 527:652–656

16. Congqin N, Dongyan D, Kerong D, Wanyin Z, Lei C (2010) The effect of Zr content on the
microstructure, mechanical properties and cell attachment of Ti–35Nb–x Zr alloys. Biomed
Mater 5:045006, 8

17. Rao X, Chu CL, Zheng YY (2014) Phase composition, microstructure, and mechanical prop-
erties of porous Ti–Nb–Zr alloys prepared by a two-step foaming powder metallurgy method.
J Mech Behav Biomed 34:27–36

18. Abdel-Hady M, Fuwa H, Hinoshita K, Kimura H, Shinzato Y, Morinaga M (2007) Phase
stability change with Zr content in β-type Ti–Nb alloys. Scr Mater 57:1000–1003

19. Jae IK, Hee YK, Tomonari I, Hideki H, Shuichi M (2006) Effect of annealing temperature
on microstructure and shape memory characteristics of Ti–22Nb–6Zr(at%) biomedical alloy.
Mater Trans 47(3):505–512

20. Brailovski V, Prokoshkin S, Gauthier M, Inaekyan K, Dubinskiy S, Petrzhik M, Filonov M
(2011) Bulk and porous metastable beta Ti–Nb–Zr(Ta) alloys for biomedical. Mater Sci Eng
C 31(3):643–657

https://doi.org/10.1007/s41779-019-00333-7
https://doi.org/10.1007/s10948-019-05145-1
https://doi.org/10.1051/mattech/2018051


Investigating the Effect of Sintering Temperature on Structural … 629

21. Cui CY, Ping DH (2009) Microstructural evolution and ductility improvement of a Ti–30Nb
alloy with Pd addition. J Alloys Compd 471:248–252

22. Hussein MA, Abdul Samad M, Al-Aqeeli N (2015) Wear characteristics of metallic biomate-
rials: a review. Materials 8:2749–2768

23. Fellah M, Hezil N, Abdul Samad M, Touhami MZ, Montagne A, Iost A, Mejias A, Kossman S
(2019) The effect of milling time on structural, friction and wear behavior of hot isostatically
pressed Ti–Ni alloys for orthopedic applications. In: TMS 2019 148th annual meeting & exhi-
bition supplemental proceedings. The minerals, metals & materials series. Springer, Cham,
2019. PA: TMS, pp 865–875. https://doi.org/10.1007/978-3-030-05861-6_85

24. Fellah M, Aissani L, Abdul Samad M, Purnama A, Djbaili H, Montagne A, Iost A, Nouveau
C (2018) Effect of Zr content on friction and wear behavior of Cr-Zr-N coating system. Int J
Appl Ceram Tec 15(3):701–715

25. Fellah M, Labaïz M, Assala O, Dekhil L, Iost A (2015) Tribological behavior of biomaterials
for total hip prosthesis. Trends Biomater Artif Organs 29(01):22–30

26. Hagihara K, Nakano T, Maki H, Umakoshi Y, Niinomi M (2016) Isotropic plasticity of β-
type Ti-29Nb-13Ta-4.6 Zr alloy single crystals for the development of single crystalline β-Ti
implants. Sci Rep 6:29779

27. Fellah M, Labaïz M, Assala O, Dekhil L, Iost A (2014) Tribological behavior of Ti–6Al–4V
and Ti–6Al–7Nb alloys for total hip prosthesis. Adv Tribol 7:13

28. GeethaM, Singh AK, Gogia AK, Asokamani R (2004) Effect of thermomechanical processing
on evolution of various phases in Ti–Nb–Zr alloys. J Alloys Compd 384:131–144

29. Hari Kumar KC,Wollants P, Delaey L (1994) Thermodynamic assessment of the Ti–Zr system
and calculation of the Nb–Ti–Zr phase diagram. J Alloys Compd 206:121–127

30. Fellah M, Labaiz M, Assala O (2013) Tribological behavior of friction couple: metal/ceramic
(used for head of total hip replacement). Adv Bioceram Porous Ceram VI, 34(6):45–57

31. FellahM Labaiz M, Assala O, Dekhil L, Zerniz N, Iost A (2014) Tribological behavior of
biomaterial for total hip prosthesis. Matériaux Tech 102(6–7):601–612

32. Fellah M, Hezil N, Touhami MZ, Obrosov A, Weiß S, Kashkarov EB, Lider AM, Montagne
A, Iost A (2019) Enhanced structural and tribological performance of nanostructured Ti–15Nb
alloy for biomedical applications. Results Phys 15: 102767

33. FellahM, Hezil N, HusseinMA, Abdul SamadM, TouhamiMZ,Montagne A, Iost A, Obrosov
A, Weiss S (2019) Preliminary investigation on the bio-tribocorrosion behaviour of porous
nanostructured β-type titanium based biomedical alloy. Mater Lett 257:126755

34. Fellah M, Hezil N, Abdul Samad M, Djellabi R, Montagne A, Mejias A, Kossman S, Iost A,
Purnama A, Obrosov A,Weiss S (2019) Effect of molybdenum content on structural, mechani-
cal, and tribological properties of hot isostatically pressed b-type titanium alloys for orthopedic
applications. J Mater Eng Perform 28(10): 5988–5999

https://doi.org/10.1007/978-3-030-05861-6_85


Investigation on Mechanical
and Thermal Behaviours of PBAT/PLA
Blend Reinforced with Reduced
Graphene Oxide Nanosheets

Marcio R. X. Bartolomei, Karina H. S. Carmo, Bianca S. Santos,
Suellen S. Bartolomei, Rene R. Oliveira and Esperidiana A. B. Moura

Abstract The aim of this study was to process and investigate the changes in
the mechanical and morphological properties of the biodegradable nanocompos-
ites based on polybutylene adipate-co-terephthalate (PBAT)/poly(lactic acid) (PLA)
blend (PBAT/PLA blend) due to the incorporation of reduced graphene oxide (RGO)
nanosheets. The biodegradable polymeric nanocomposites were prepared bymelting
extrusion process using a twin-screw extruder machine. The influence of the RGO
nanosheets incorporation on mechanical and thermal properties of PBAT/PLA blend
was investigated by tensile Thermogravimetric (TG), X-Ray diffraction (XRD), dif-
ferential scanning calorimetry (DSC), and tensile test analysis. Results showed that
incorporation of the small amount ofRGO (0.1wt.%) ofRGOnanosheets in the blend
matrix of PBAT/PLA resulted in an important gain of mechanical properties of the
blend. This result indicates that a very small amount of RGO nanosheets addition in
the PBAT/PLA can lead to obtaining materials with superior properties suitable for
several industrial applications.

Keywords RGO · Biodegradable polymer · PBAT/PLA blend ·Mechanical tests ·
SEM · XRD

Introduction

The increasing pollution of the environment, on land, oceans, and rivers by plastics,
in its most different forms, types, and composition, discharged in nature as used
plastic packaging, industrial waste, personal hygiene waste, and even soap used in
washing machines has raised the concern of governments, the scientific community,

M. R. X. Bartolomei (B) · K. H. S. Carmo · B. S. Santos · S. S. Bartolomei · R. R. Oliveira
Nuclear and Energy Research Institute (IPEN), Center of Chemical and Environmental
Technology, Av. Prof. Lineu Prestes 2242, 05508-000 São Paulo, SP, Brazil
e-mail: marciorxb@gmail.com

E. A. B. Moura
Nuclear and Energy Research Institute, Center for Materials Science and Technology, 2242 Prof.
Lineu Prestes Av., 05508-000 São Paulo, SP, Brazil

© The Minerals, Metals & Materials Society 2020
J. Li et al. (eds.), Characterization of Minerals, Metals, and Materials 2020,
The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-36628-5_62

631

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-36628-5_62&domain=pdf
mailto:marciorxb@gmail.com
https://doi.org/10.1007/978-3-030-36628-5_62


632 M. R. X. Bartolomei et al.

and society at large for plastic waste. Plastic debris, especially during the degradation
process, can release a large number of chemicals including such as nonylphenols,
bisphenols, phthalates, and benzophenones and result in significant pathologies and
morbidity of the animals. In this process of degradation, the plastic also breaks into
smaller and smaller parts, turning into microplastics [1, 2].

Microplastics from all these wastes eventually enter the food chain of animals
such as fish and seafood and return to humans by consuming these foods or even
when drinking theoretically potable water, with effects on our health that are still
being studied by science. Of course, this is a serious global health problem because
plastics can travel across the planet through ocean currents [1–5].

Flexible or rigid plastic packaging is an important part of plastic waste in nature,
especially single use plastic packaging. Researches are being carried out in universi-
ties and industries around the world with the intention of developing biodegradable
plastics, but without losing the same characteristics of conventional plastic pack-
aging. For plastic packaging used in food storage, the aim is that packaging must
have not only biodegradable characteristics but also food safety characteristics that
conserve the food like barrier properties for example [1–6].

For the aim of developing materials for the manufacture of green plastic pack-
aging and also food safety parameters, this work is being developed. Biodegradable
food packaging can bring a more sustainable and green future. The biodegradable
nanocomposites based on polybutylene adipate-co-terephthalate (PBAT)/poly(lactic
acid) (PLA) blend (PBAT/PLA blend) by itself does not guarantee the mechani-
cal characteristics required for flexible plastic packaging, as water vapor or oxygen
barrier characteristics and thermal degradation, not as efficiently as their equivalent
petroleum-derived ones. The challenge is to simultaneously enhance these character-
istics, but the compact lamellar microstructure and the hydrophobicity of the reduced
graphene oxide (RGO) core barrier ensure the excellent barrier properties. With the
addition of a very small amount of reduced graphene oxide (RGO) in a blend like
PBAT/PLA, can bring significant changes in mechanical characteristics, a substan-
tial 87.6% reduction in the water vapor permeability is thanks to the junction of the
barrier and the protective encapsulation [7–12].

While properties such as oxygen barrier and thermal properties were well devel-
oped using the RGO, optical, electrical, and mechanical properties also improved
considerably. Adding a small amount of the of RGO (0.1 wt%) of RGO nanosheets
in the blend matrix of PBAT/PLA results in a large gain of mechanical properties of
the blend, and as a result, it can be used in a large scale of industrialized products,
including of course, flexible packaging such as single use packaging [7–12].

Graphite is an allotropic form of carbon, which is a solid crystalline material of
lamellar structure composed of two-dimensional sheets chemically linked together
by Van der Waal forces, and each sheet is called graphene. The term graphene can
be used from one to ten overlapping sheets. In order to obtain graphene, it is first
necessary to obtain graphene oxide, which must be reduced until one of the sheets
can be isolated, with only the carbon on the surface. As described in various lit-
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erature, graphene oxide can be obtained from the oxidation of graphite powder by
the modified Hummers method. Graphene oxide reduction is a process that can be
thermal, chemical, mechanical, and also by radiation, but it cannot be total, with the
current technology, leaving at the most reduced graphene oxide [7–13].

In this work, nanocomposites of PBAT/PLA biodegradable blend, commer-
cially called ECOVIO, were processed with 0.1 and 0.5% wt. RGO. They were
characterized by XRD, TG, DSC, and tensile test.

Experimental

Materials

Biodegradable nanocomposites based on polybutylene adipate-co-terephthalate
(PBAT)/poly(lactic acid) (PLA) blend (PBAT/PLA blend), commercial name Ecovio
(Basf, Ludwigshafen on the Rhine, Germany), graphite flakes (Quimesp Química
Ltda., Guarulhos, Brazil).

Preparation of Graphene Oxide (GO) and Reduced Graphene
Oxide (RGO)

In the preparation of GO, the flake graphite was exfoliated by ultrasonication, with
solution of 10% ethanol, 10%DMF, and 80%water, in each 100 ml was used 20 g of
commercial graphite, the solution was prepared and taken for 2 h in the ultrasound
machine. The result was the exfoliated graphite, that was washed with water to take
off the DMF also using the centrifuge in this process. Then it was frozen and freeze-
dried to produce the exfoliated graphite. GO was made with the modified Hummers
method. Five grams of exfoliated graphite and 15 g of potassium permanganate have
gone through a process of homogenized to dry into a beaker. This beaker was then
taken to an ice bath and after that, 100 ml of concentrated sulfuric acid was added,
and then it was mechanically stirred for 30 min. Then it was added 400ml of distilled
water slowly in an ice bath, to change the solution to effervescent. For 60 min, the
mixture was put in a bath of water at 90 °C to rest.

After all, a solution of distilled water (70 ml) and hydrogen peroxide (30 ml) was
taken to mechanical stirring for 4 h at 50 °C and then removed the excess acid in the
centrifuge, and then it was washed with a solution of hydrochloric acid (450/50 mL)
and water with the help of Büchner funnel with a vacuum pump. The result was a
mass fixed in the filter and that was scattered in a solution of 50% ethanol (400 ml)
and 50% water and dialyzed for five days. The pH must be between 5 and 6. The
ultrasonic equipmentwas usedwith an intensity adjustment of 20 kHz and450W/cm2
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Table 1 Composition and
nomenclature of samples

Name ECOVIO (%) RGO

ECOVIO 100 –

ECOVIO 0,1 RGO 99.9 0.1%

ECOVIO 0,5 RGO 99.5 0.5%

in this mixture with 200 ml for one hour to obtaining the solution of GO, that will
be reduced by radiation.

The RGOwill be obtained reducing the GO, using a gamma radiation (60Co) with
100 kGy radiation dose at the Radiation Technology Center CTR-IPEN/CNEN-SP.
The radiationwas performedwith the solution in air presence, sealed in a pot in a room
temperature was applied a dose rate of 6 kGy/h. Then it was filtered and dispersed in
150 ml of distilled water, frozen and freeze-dried for 48 h, thus obtaining the RGO
as a fine and homogeneous powder.

Composites Preparation

The nanocomposites with ECOVIO matrix and percentage of RGO of 0.1 and
0.5% wt. were prepared by melt extrusion using a twin-screw extruder HAAKE
Rheomex P332, 16 mm and L/D = 25 rate from Thermo Scientific. The tempera-
ture profile used during processing was 120/140/135/135/130/125 °C and the screws
rotations were 15 RPM. The extrudates coming out of the extruder were cooled down
by air and pelletized. The nanocomposite materials were fed into a flat die single
extruder for films preparation. Table 1 shows the compositions analyzed and the
nomenclature used in the work.

Characterization Methods

X-Ray Diffraction (XRD) Analysis

X ray diffraction (XRD) patterns for the samples were recorded on a Philips XPERT-
MPD diffractometer with CuKα radiation (λ = 1.54 nm) operated at 40 kV and
40 mA, with 2θ varying between 3° and 60°.

Thermogravimetric Analysis

TG analysis was carried out using TGA Q500 from TA Instruments. The samples
were heated from 30 to 600 °C under a nitrogen atmosphere (40 ml/min) at heating
rate of 10 °C/min.
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Fig. 1 XRD patterns for the RGO, ECOVIO, and its nanocomposites

Differential Scanning Calorimetry (DSC) Analysis

DSC analysis for each sample was performed using DSC Q20 from TA Instruments.
Firstly, the thermal history of each sample was eliminated by heating the samples
from 30 to 280 °C at a scanning rate of 10 °C/min. Subsequently, the samples were
cooled down to room temperature at a rate of 10 °C/min. Finally, DSC curves were
obtained by heating the samples from 30 to 280 °C at a rate of 10 °C/min.

Tensile Tests

Tensile specimens were obtained by thin film processing in single screw extruder;
specimens were prepared according to ASTM D882-91. The tests were carried out
using an INSTRON Universal Testing Machine, model 5564 at 25 °C and a loading
rate of 50 mm/min, in six test specimens of each prepared nanocomposite and the
average values were reported.
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Fig. 2 TG thermograms (a) and DTG (b) of ECOVIO and its nanocomposites

Results and Discussion

X-Ray Diffraction (XRD) Analysis Results

Figure 1 shows the XRD curves. The peaks 2θ = 9.3, 16.5, 19, 23, 25, 28 and 29.4º
are characteristic of the PBAT and PLA polymers present in the ECOVIO, material
used for sample preparation. High intensity peaks of RGO particles can be observed
at 2θ = 10.9º, the absence of this peak in nanocomposites indicates exfoliation of
RGO particles in the polymer matrix.

Thermogravimetric (TG) Analysis Results

Figure 2 shows the thermograms obtained from TG analysis for the ECOVIO,
ECOVIO 0.1 RGO and ECOVIO 0.5 RGO samples, with Fig. 2a TG curves and
Fig. 2b DTG curves. According to Fig. 2a the residual mass increased according to
the RGO content, the values found were 19.8, 20.5, and 21.1, respectively, for the
samples ECOVIO, ECOVIO 0.1 RGO, and ECOVIO 0.5 RGO. Expected behaviour
is due to high RGO degradation temperature. In Fig. 2b, it can be seen that the degra-
dation temperature did not vary significantly between the samples, reaching a value
of 393 °C [1].

Differential Scanning Calorimetry (DSC) Analysis Results

The heating curves of the ECOVIO, ECOVIO 0.1 RGO, and ECOVIO 0.5 RGO
samples are shown in Fig. 3. Table 2 shows the glass transition temperatures of
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Fig. 3 DSC melting curves
of the ECOVIO, ECOVIO
0.1 RGO and ECOVIO 0.5
RGO samples

Table 2 Glass transition
temperature (Tg)

Sample ECOVIO ECOVIO 0, 1
RGO

ECOVIO 0, 5
RGO

Tg (°C) 152 147 140

these samples, taken from the DSC analysis curves. Looking at these data, it was
found that Tg decreased with increasing amount of RGO. In scientific work using
RGO nanocomposites, the glass transition temperatures increase, but in this work
the opposite occurred, the nanocomposite temperatures decreased. According to the
literature, the increase inTg is an indication that RGOparticles have strong interfacial
adhesion with the polymeric matrix. In order to verify the adhesion of the RGO in
the ECOVIO, tensile tests were performed in the samples ECOVIO and ECOVIO
0,1 RGO [1, 2].

Tensile Tests Results

The samples were submitted to the tensile test and the results are presented in Fig. 4
and Table 3. The two samples did not show significant differences for maximum
tensile strength, but for the elongation, the ECOVIO 0.1 RGO sample showed a 30%
gain over the ECOVIO. For the modulus of elasticity, there was a 30% reduction of
ECOVIO 0.1 RGO compared to ECOVIO. The increase in the ductility of the RGO-
containing nanocomposite corroborates the reduction of Tg presented earlier, being
these phenomena characteristic of a toughening material, that is, the RGO particles
added to ECOVIO acted as plasticizer increasing themobility of the polymeric chain.
The toughening mechanism in the presence of RGO occurs due to crack propagation
during material rupture. Due to graphene’s unique geometry, microcrack evolution
can occur in a direction where there will be greater energy absorption, in addition



638 M. R. X. Bartolomei et al.

Fig. 4 Diagram stress (MPa) X strain (mm/mm) for ECOVIO and its nanocomposites

Table 3 Tensile test results

Sample Tensile strength at
break (MPa)

Elongation at break
(%)

Young’s modulus
(MPa)

ECOVIO 12.1 ± 0.7 15.5 ± 2.5 171.6 ± 0.4

ECOVIO 0.1 RGO 11.1 ± 0.5 20.4 ± 0.2 142.8 ± 8.6

to interfacial slippage, tearing, and fracturing of graphene layers, further increasing
energy absorption and material toughening [3, 4].

Conclusions

According to the results obtained, it can be concluded that the RGO particles were
exfoliated in the ECOVIO polymer matrix by double screw extruder processing.
Graphene acted as a toughening agent by increasingmaterial ductility while reducing
TG. The modulus of elasticity in a complementary manner also shows the toughness
of the material as it significantly reduced when only 0.1% wt. of RGO was added to
the polymer matrix [14–17].
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Iron Ore Fines Granulation in a New
High Speed Mixing Granulator

Shanshan Wu, Zhongci Liu and Xuewei Lv

Abstract A new type of mixing granulation equipment is proposed, which can
improve the mixing degree of raw materials, improve the granulation efficiency, and
have the function of “self-purification”. The results show that the particle size is
uniform and chemical composition segregation of particles is decreased after granu-
lation. The strength of the granules can be effectively improved to control the particle
size distribution of the particles. With the rotational speed increasing, the particles of
+10 mm increase and the fractions of −1 mm are few. As the rotational speed is 70
rev. min−1, the median particle size D (50) of granules is the maximum value. The
fractal dimension tends to decrease gradually with the increase of rotating speed. It
indicates that the particle size distribution in the high speed stirring granulator is very
concentrated. The particle size grading is very small and the fine powder particles
mostly adhere to the mother particles.

Keywords High speed granulating · Particle size distribution · Fractal dimension ·
Granulation effect

Introduction

In iron-making, most of iron ore is mixed with the addition of cokes and limestone
and granulated using water with a drum mixer for the following sintering process
[1]. In order to make the mixture particles, form a larger particle in a collision with
each other. The particle size distribution is an appropriate size range and strength of
granules [2–4]. The granulation operation is important for the iron-making because it
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is the first stage in the blast furnace method. The granulation process can reasonably
control the composition and particle size distribution of the particles to keep high
permeability and reactivity of granules bed and to achieve high productivity in the
sintering process [5, 6].

Granulation efficiency should be dependent on three factors: the characteristics of
iron ores, the moisture content of mixtures, and the operational conditions of drum
mixers. Operational conditions are mixture charge ratio, drum mixer length, and
rotational size [7–9]. But there is no greater change in the mixer [10]. Powder mixing
and granulation in a high speed mixer are fundamental operations in the agriculture,
food, pharmaceutical, and chemical industries [11–13]. They have great advantages
that the operations can be completed in a relatively short time and the equipment is
very simple in construction [14–17]. A new method of using granulation in a high
speed mixer has been proposed. In addition, the effects of particle size distribution
of iron ores on granulation performance in high speed mixer are widely researched.
This paper describes setting up a new high speed mixer of granules and find out the
method to optimize the granulation through studying the particle size distribution.

Materials and Methods

Properties of Raw Materials

Seven rawmaterialswere used,which came from sintering production site. Thefilling
rate of the mixture was 12%. Their chemical and contents are shown in Table 1.

The sintered raw materials have differences in the composition of SiO2, Al2O3,
and MgO. These factors are advantageous for adjusting the chemical composition
of the sintering mixture. The experiment controls the compounding of the mixture
according to the particle size distribution.

Table 1 Chemical composition of sintering raw materials (%)

Items TFe CaO SiO2 Al2O3 MgO

Ore blender 60.11 0.58 4.48 1.46 0.17

Dolomite 0.36 31.44 2.07 0.34 19.74

Limestone 0.35 52.24 2.38 0.89 1.12

Quicklime − 89.88 2.33 − −
Serpentine 4.90 1.99 37.31 0.88 37.81

Return fines 57.43 10.01 5.04 1.73 1.31

Sintered powder 57.12 10.21 5.17 1.75 1.50
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Granulation Experiment

The experiment was performed using a new designed granulating equipment. It is to
explore the influence of the process parameters of the equipment on the granulation
effect during the granulation process. The granulationmixer is shown in Fig. 1. Sinter
mixture was granulated in a high speed mixer of 400 mm in diameter and 500 mm
long. The granulator speed in this experiment was the only variable. The granulation
process parameters in the experiment are shown in Table 2.

The rotational load of the granulator during the granulation experiment and the
granulation state of the granules in the granulator were all considered. There are
four items in the experiment. Sintering materials were weighed according to the
corresponding filling rate and mixed with suitable moisture. Before the granulation,
all the mixtures were mixed in high speedmixer which the mixture time is 1 min with
rotational speed of 100 rev. min−1. Then all the mixtures were granulated for 12 min
with different rotational speed and the experimental process is shown in Fig. 2.

After granulation, samples were taken tomeasure granule size distribution and the
particle size compositions. Granule size distribution and permeability presented the
granulating effectiveness. Sampled granulatedmixture was initially screened into six

Fig. 1 High speed mixing granulating equipment

Table 2 Parameters of high
speed mixer

Items Water content/g Times/min Rotational
speed/rpm

No. 1 345 12 40

No. 2 345 12 50

No. 3 345 12 60

No. 4 345 12 70



644 S. Wu et al.

Fig. 2 The flow sheet of experiment

fractions, which were+10 mm, 8–10 mm, 5–8 mm, 3–5 mm, 2–3 mm, and 1–2 mm,
respectively. Then each fraction was weighed to calculated size distributions and
average diameter.

Results and Discussion

Factors Affecting Granulation Efficiency

Sampled mixture before granulated was screened into seven fractions, as shown in
Table 3, the particles of 1–2 mm and 0.5–1 mm are the maximum. The content and
the specific surface area of −0.5 mm were the adhesive fines.

As can be seen from Fig. 3, the particle size is uniform and the chemical compo-
sition segregation of the particles can be effectively reduced during the granulation
process. The strength of the granules can be effectively improved to control the
particle size distribution of the particles.

Figure 4 shows Particle size distribution of four granulation experiments. When
the high speed granulator rotates at 40 revolutions, the particle size of the particles
larger than 10 mm accounts for 40%, 10 ~ 8 mm is about 28%. There are fewer
fine powders in the mixture. With the rotational speed increasing, the particles of +
10 mm increase, while the fractions of −1 mm are few.

The particle size distribution of the mixture after granulation at four different
speeds is as shown inFig. 5.As the rotation speed of granulation increases, themedian
particle size D (50) of the granules increases, the average particle size increases.
As the rotational speed is 70 rev. min−1, the granules have very low content of

Table 3 Particle size analysis of sinter mix before granulation

Granule
size

+8 mm 5–8 mm 3–5 mm 2–3 mm 1–2 mm 0.5–1 mm −0.5 mm

No. 1 9.31 9.68 18.26 11.89 25.72 20.41 4.73

No. 2 10.24 9.87 16.47 14.68 22.58 20.25 5.90

No. 3 9.02 9.03 13.90 12.27 20.20 27.16 8.42

No. 4 6.85 7.94 13.81 12.31 21.45 28.10 9.54
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Fig. 3 Particle size screening morphology

Fig. 4 Particle size distribution at different speeds

fine powders, uniformity of particle size distribution, and good concentration. The
particle size distribution of the No. 3, particles satisfies the optimum permeability
for the sinter bed.
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Fig. 5 The median particle size of the granules

Fractal Dimension Analysis

Fractal dimension is representation of the particle size composition.Mineral particles
are generally considered to have fractal characteristics after the beneficiation process.

Yn(r) ∝ r−D (1)

where Yn (r) is the ratio of particles smaller than r (mm) in size to the total number
of particles. And D is the fractal dimension. The formula is given as follows:

dYn(r) ∝ dr−1−Ddr (2)

From the above formula, the particle mass dW (kg) in the range of r ~ r + dr can
be obtained:

dW = ρkvr
3NdYn(r) (3)

where kv is the particle volume shape factor and N is the total number of particles.

YW (r) =
(
Nkv
W

)
r3dYn(r) (4)

dYW (r) ∝ r2−Ddr (5)

YW (r) ∝ r3−D (6)
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The formula (6) is the fractal relationship between themass fraction of the particle
size −r and the corresponding particle size r.

The experiment divides the particles into several fixed particle sizes, obtains the
mass percentage of the particles under each particle level, and then draws a dot map
on the cumulative mass percentage and the grain level integral, and uses the linear
regression to find the slope of the line, and then it gets the particles fractal dimension.

When there is only one particle size, the fractal dimension of the particle cluster
is the smallest (D = 0). As the particle size of the particle cluster is classified, the
mass fraction of the particles under each particle size is small and the difference is
small. Then the fractal dimension will be larger.

Before granulation, the fractal dimension of particle size composition of the mix-
ture is 2.996, which is close to 3. The particle size fraction of the particle cluster
is large. As shown in Fig. 6, fractal dimension (D = 3 − k) analysis is available in
the four experimental results. It can be concluded that, with the increase of rotating
speed, the fractal dimension tends to decrease gradually, indicating that the particle
size distribution in the high speed stirring granulator is very concentrated, the particle
size grading is very small, there is almost no small particle size, and the fine powder
particles mostly adhere to the mother particles.

Fig. 6 The fractal dimension of granulators in each experiment
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Conclusions

In this paper, the effect of the granulator speed on the particle size distribution of
the mixture after granulation is studied under the same raw material conditions. The
relationship between the rotational speed and the fractal dimension of the particles
after granulation is established. The main conclusions can be summarized as follow:

(1) The particle size is uniform and chemical composition segregation of particles
is decreased after granulation. The strength of the granules can be effectively
improved to control the particle size distribution of the particles.

(2) With the rotational speed increasing, the particles of +10 mm increase and the
fractions of−1mm are few. As the rotational speed is 70 rev. min−1, the median
particle size D (50) of granules is the maximum value.

(3) The fractal dimension tends to decrease gradually with the increase of rotating
speed. It indicates that the particle size distribution in the high speed stirring
granulator is very concentrated. The particle size grading is very small and the
fine powder particles mostly adhere to the mother particles.
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Leaching of Pre-Oxidated Pyrargyrite
with Na2S2O5

Vicente Gonzáles Martínez, Isabel Hernández Martínez, M. Reyes Pérez,
M. Pérez Labra, J. C. Juárez Tapia, Iván A. Reyes Domínguez,
Mizraim Uriel Flores Guerrero and Gustavo Urbano Reyes

Abstract Recently, Mexico has established itself as the largest producer of silver in
the world; however, the minerals extracted have a very complex mineralogy. Pyrar-
gyrite presents problems of leaching with cyanide. For this reason, the effect of
oxidation with metabisulfite prior to leaching with cyanide is studied. The char-
acterization of the mineral confirmed the presence of a single phase of Ag3SbS3,
identified in the pattern of DRX PDF 00-019-1135. The MEB–EDS analysis shows
the elements of pyrargyrite, antimony 22.90, sulfur 17.4, and silver with 59.6%. From
analysis by FTIR, the presence of antimony oxides was found and the formation of
sulfates. The leaching of silver with cyanide [0.03]M pre-oxidized with metabisulfite
[0.105]M and 96 h, reaches a percentage of silver extraction of 25% in 68 h. The
increase in the concentration of oxidizing agent at [0.210]M and the leaching time
contributes to achieve recoveries of 37%.

Keywords Leaching · Oxidation · Metabisulfite · Pyrargyrite · Cyanide

Introduction

Pyrargyrite (Ag3SbS3) is one of the most important silver ores, it crystallizes in the
hexagonal system, and it contains 59.7% silver (Ag), 22.5% antimony (Sb), and
18.8% sulfur (S). It occurs abundantly in mineral deposits in mining areas such
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as Zacatecas and Guanajuato, Mexico. It is refractory to cyanide, and therefore,
the leaching of silver in the standard cyanidation process is slow [1]. Worldwide,
cyanidation is considered as the main method used for the extraction of precious
metals.

The depletion of easily leachable silver ores and the increase in silver prices have
forced the mining industry to process complex minerals that can be refractory to
cyanide. A mineral is considered refractory when less than 80% is extracted during
cyanide leaching. Cyanide was introduced industrially more than a century ago, and
since then, it has been used in various types of mining applications, such as leaching
and flotation, which act as a sphalerite depressant [2, 3].

Because silver and gold refractory minerals do not respond to direct cyanidation,
they require a pretreatment to release gold and silver before cyanidation to improve
extraction. The methods that have been practiced industrially to increase precious
metal recoveries are roasting [4] pressure oxidation [5] bio oxidation [6], ultra-fine
grinding [7]. Another technique to increase the recovery of silver is the pre-reaction
with lime and lead nitrate in order to passivate mineral impurities. This technique
increases leaching [8].

It has been previously shown that leaching with alkali sulfides is effective pre-
treatment methods that increase leaching with cyanide by extracting more silver and
gold from the antimony refractory minerals contained in species such as Zinkenite
(Pb4Sb22S42) and andurite (Sb2PbAgS6) [9], and this is because sodium hydroxide
can dissolve antimony from minerals such as stibnite [10].

Therefore, the minerals that have refractoriness to be leached with cyanide
are those that contain antimony in their structure, which need a pretreatment to
improve the recovery of gold and silver. This research study evaluates the influence
of a pretreatment process before leaching with cyanide, using sodium metabisul-
fite by evaluating the concentration of pretreatment reagent, time, and cyanide
concentration.

Experimental Methodology

To study the leaching of silver, from the previously pre-oxidized or pre-treated
ore, pure pieces of Ag3SbS3 pyrargyrite ore from the mining region of Guanaju-
ato, Mexico, were used. Macroscopically, these are high purity specimens, and no
other mineralogical phases that contaminate the mineral are observed as shown in
Fig. 1.

The pyrargyrite ore was pulverized in an agate mortar, sieved wet using a series
of Tyler sieves, 100 mesh, 200, 270, 325, 400 and the fine, with particle sizes of
(180 µm, 75 µm, 53 µm, 43 µm, 37 µm, and <37 µm), respectively. The sieved
product was allowed to dry at room temperature, characterized by DRX,MEB–EDS.
For the performance of all experimental tests, it was decided to use the particle size
of the mesh +325 (43 µm).
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Fig. 1 Pyrargyrite mineral
used in this work

        5 mm

To carry out the experimentation, 1 L of deionized water was used, placed in
a glass reactor, and mechanically stirred with a four-blade propeller made of inert
material (plastic), and subsequently, 0.5 g of pyrargyrite mesh +325 weighed on a
precision scale (0.001 g). Both pH and ORP were monitored during all tests, and
then, in separate tests, sodium metabisulfite (Na2S2O5) was added in concentrations
of 0.052, 0.105, 0.210M.

The investigated pre-oxidation with metabisulfite was 4, 7, 48, 72, 96, and 120 h,
continuously monitoring the pH and ORP, and the reactor was covered to avoid
evaporation volume losses as much as possible. At the end of each pretreatment time,
the pHwas adjusted to around9with sodiumhydroxide, subsequently a concentration
of potassium cyanide of 3.07 × 10−2M was added for each of the tests, and different
times of study were studied. cyanidation 68, 96, 100, 180, and 200 h.

The evaluated times of pre-oxidation with metabisulfite were 4, 7, 48, 72, 96, and
120 h, monitoring the pH and the ORP, continuously, and the reactor was covered to
avoid as much as possible loss of volume by evaporation. At the end of each pretreat-
ment time, the pH was adjusted to around 9 with sodium hydroxide, subsequently
a concentration of potassium cyanide of 3.07 × 10−2 M was added for each of the
tests, and different times were studied. cyanidation 68, 96, 100, 180, and 200 h.

During the entire leaching time with cyanide, samples of the solution were col-
lected, filtered, and determined via ICP at its concentration ofAg, Sb, and it should be
noted that the reaction system was monitored all the time of cyanidation, measuring
the pH and the ORP. The equation used to determine the progress of the reaction is

%Ag = L ∗ Bring out ∗ dilution

Wm ∗ 10000
(1)

where L is the reading obtained in the ICP in PPM (mgL−1), the bring out is the
total volume (ml) of water of the experiment, the dilution is the dilution factor which
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is obtained by dividing the volume of the capacity (ml) between the volume of
the aliquot (ml), Wm is the sample weight in grams, and 10,000 is the conversion
factor of the units of this ratio. The residual solids from the leaching tests were
recovered, washedwith plenty of water, and characterized by Fourier FTIR transform
infrared spectroscopy and MEB scanning electron microscopy in conjunction with
EDS energy dispersion micro analysis.

Results

Figure 2 shows theX-raydiffraction spectra (DRX)of themineral,whichwas indexed
with the Match software database, and it was found that pyrargyrite is the only
crystalline mineralogical phase present, identified with the diffraction pattern PDF
00-019-1135. The analysis by MEB and elementary mapping of the pyrargyrite is
shown in Fig. 3. It is observed that it contains the characteristic elements of this
mineral phase in some of the tests the presence of copper was detected, which due
to its lower percentage is not possible detect by X-ray diffraction.

Table 1 shows the semi-quantitative microanalysis by dispersion of energies of
the pyrargyrite ore, where the majority element is silver, which makes it an important
ore of this valuable metal; however, the high content of antimonymakes it impossible
to leach silver by processes traditional, which necessarily involves a previous stage
of oxidation to improve cyanidation of silver.
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Fig. 2 X-ray diffraction spectra (DRX) of the pyrargyrite
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Fig. 3 Micrographs of SEM and elementary mapping of the pyrargyrite
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Table 1 Semi-quantitative
analysis of the pyrargyrite
mineral by EDS

Element Percentage % w/w

Sulfur 16.25

Oxygen 7.90

Copper 2.19

Silver 52.78

Antimony 20.89

The results of the pre-oxidation and leaching tests of silver with cyanide are shown
in Fig. 4, and in general, it is observed that the percentage of extraction constantly
increaseswith the reaction time. Better recoveries of silverwith longer oxidation time
120 h and 0.052M of Na2S2O5 (2.5% Ag extraction) would be expected; however,
for the same concentration of metabisulfite and 68 h of leaching with a cyanide
concentration of 0.037M, the silver recovery of the oxidized ore is significantly
higher, obtaining around 25%.

The expected cyanidation reaction would be as indicated in Eq. 2. On the other
hand, when a concentration of 0.210 M of Na2S2O5 and 200 h of leaching is used,
maximum silver extraction is achieved at around 37%.

2Ag◦ + 4CN− + 2H2O + O2 = 2
[
Ag(CN)2

]− + H2O2 + 2OH− (2)

From the monitoring of the pH and the ORP carried out during all the tests, it
is necessary that, with the increase in leaching time, the pH of the pulp tends to
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decrease, this is due to the leaching of the rest of the components of the pyrargyrite,
such as sulfur which forms (SO4)−2 sulfate ion in solution by lowering the pH, and
in addition, from the analysis of antimony carried out via ICP, it was detected that
solubilize is achieved up to about 20%.

With regard to ORP, this decreases its reducing character, that is, its negative
value is lower with the increase in leaching time, due to the nature of the species
formed during cyanidation. Figure 5 shows the micrograph of MEB–EDS and the
elementary mapping of the residual powders, 180 h of leaching with pre-oxidized

Porcentaje
% w/w

Sulfur 11.84
Silver 78.02

Antimony 10.14

Element

Fig. 5 Micrograph of MEB–EDS and elementary mapping of the pyrargyrite mineral. Leach 180 h
with 3.02 × 10−2M cyanide, pre-oxidized with 0.052M Na2S2O5
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cyanide with 0.052M of sodium metabisulfite. As shown in Fig. 4, the extraction of
silver is not total for this reason in the elementary mapping both sulfur, silver and
antimony are detected, this presents a phenomenon of areas of greater concentration
generally around the surfaces of pyrargyrite.

Figure 6 presents the analysis by Fourier transform infrared spectroscopy of the
residual powders from the leaching of pyrargyrite for 180 h with 3.07 × 10−2M of
cyanide and pre-oxidized for 48 h with 0.210M of Na2S2O5, as well as the spectra
of oxidized pyrargyrite and antimony oxide Sb2O3. When the pyrargyrite remains
without oxidizing, it is formed in the spectral region of the sulfate ion, the cleav-
age of the main band with three absorption bands where the sulfate is bound in a
monodentate manner.

The absorption bands at 618, 875, 988, 1112, and 1455 cm−1 correspond to the
Sb–O vibrations, which confirm the strong presence of these antimony oxides which
affect success of leaching generating a layer of difficult access to carry out the
extraction of silver.
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Conclusions

Using the MEB–EDS and DRX techniques, it was found that the mineral studied
corresponds to an Ag3SbS3 pyrargyrite and was the only crystalline phase detected
by DRX indexed with the diffraction pattern PDF 00-019-1135. The best percentage
of leaching of pyrargyrite is achieved when it is pre-oxidized for 68 h with 0.210M
of metabisulfite and a cyanidation of 200 h with 3.07 × 10−2M, and the increase
in the concentration of metabisulfite and the pretreatment time does not contribute
to achieve better recoveries. The low recoveries are attributed to the formation of
species of antimony oxides detected by FTIR, around the surface forming a species
refractory to the passage of cyanide, this Sb2O3 oxide passive the mineral surface
and prevents the cyanidation from being carried out successfully.
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10. Raschman P, Sminčáková E (2011) Hydrometallurgy 113–114:60–66



Mechanical and Morphological
Properties of Hybrid Composites Based
on Recycled LDPE/EVA Blend
Reinforced with Clay and Babassu Fiber
Residues

Caroline S. Tamura, Mariana Arantes, Karina H. S. Carmo,
Bianca S. Santos, Rene R. Oliveira and Esperidiana A. B. Moura

Abstract Over the years the consumption of plastic products made of conventional
polymers has produced a large amount of waste which has led to disposal problems
worldwide. Among the alternatives to minimize these problems are reuse and recy-
cling practices. Then, the recycling of plastic and the use of recycled materials to
produce new materials reinforced with nanoparticles from natural resources can be
an alternative to reduce inappropriate waste disposal. The objective of this study is to
investigate the effects of the addition of clay and non-treated babassu fiber residues
on the mechanical and morphological properties of composite based on recycled
LDPE/EVA blend. Composite materials containing 1–3 wt% of babassu residues
and 1 wt% of clay were prepared using a twin-screw extruder machine and flat die
single extrusion process, in order to prepare hybrid composites sheets. The sheets
prepared by recycled LDPE/EVA blend and its composites were characterized by
tensile tests, XRD, and FE-SEM analysis and the correlation between properties was
discussed.

Keywords Blend · Recycled polymer · Flexible film · Babassu residues · Hybrid
composite

Introduction

The petroleum-based polymers have been largely used due to its excellent character-
istics and processing possibilities [1–3]. Large amount of waste has been generated
increasing environmental concerns due to improper disposal of the residues. These
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residues take many years to decompose by the fact that they have high degradation
resistance and can generate many negative effects on the environment. This includes
contamination of soil, groundwater sources, beyond the big volume occupied by
them in the municipal solid waste landfills, and garbage dumps. One of the alterna-
tives is to reuse and recycle the materials to minimize these problems and give a new
application for these materials [4–7].

Recycling polymer materials followed by their reinforce with vegetal fiber
residues can be a potential alternative to substitute conventional polymeric com-
posites, based on neat polymer matrix and synthetic fibers, in certain applications.
Despite the fact that mechanical properties of vegetal fibers are not high like that
of many synthetic fibers, its origin from renewable sources, low density, and cost
compared to synthetic ones, today it can be observed a great growth of their use in
areas where high mechanical properties are not a requirement.

The use of vegetal fibers avoids an inappropriate disposition which can lead to
forest burns destroying kilometers of green area in high speed, to natural habitat
destruction, an increase of carbon dioxide in the atmosphere, and soil erosion [8–10].

The montmorillonite clay has been largely used for improving polymer properties
such asmechanical resistance,water barrier, andfire resistance.However, it should be
modified by quaternary salt addition before use in order to enhance the compatibility
with polar polymer and improve the dispersion and intercalation between molecules
chains of the polymer [11].

The propose of this work was to study the incorporation into the recycled polymer
of babassu fiber waste, without the application of any treatment in the waste, aiming
at a low-cost production, since it is a recycled polymeric matrix.

Materials and Methods

Materials

Thematerials used in this studywere recycledLDPE (r-LDPE) (MFI= 0.13 g/10min
at 190 °C, 2.16 kg) from discarded pure water sachets, recycled EVA (r-EVA) (MFI
= 20.14 g/10 min at 190 °C, 2.16 kg) from packaging industry waste, natural light
green clay from Cubati, Paraiba, Brazil, and babassu coconut epicarp fiber residues
from babassu oil industry.

Preparation of Light Green Clay

For the process of organophilic clay modification, initially, the light green clay was
dispersed in deionized water in the ratio of 4 wt%with vigorous agitation for 30 min.
After that, it was added to Na2CO3 (50 mEq of sodium per each 100 g of the natural
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green clay). Thereafter, a quarternary ammonium salt was introduced into the clay,
Hexadecyl trimethylammonium chloride (70meq of the quarternary ammonium salt)
was introduced with vigorous agitation for 30 min. The organophilic light green clay
(LGC) was decanted for 24 h, was dried in an air-circulating oven, and, finally, was
milled to fine powder.

Preparation of Babassu Coconut Epicarp Residues

The babassu coconut epicarp fiber (BF)werewashedwithwater to remove impurities
that can be aggregated to the fibers, in sequence, it was done an immersion of the
fibers in deionized water for 24 h to have a deeper cleaning and after were dried
at 60 °C for 24 h in an air-circulating oven. The dry residues were reduced to fine
powder, with particle sizes equal or smaller than 150 µm, by using ball mills.

Preparation of Blend and Composites

The recycled LDPE/EVA blend (r-LDPE/EVA) (50/50 wt%) and its composite
were processed by melt extrusion using a twin-screw extruder Haake Rheomix
with 16 mm and L/D = 25 rate from Thermo Scientific. The temperature pro-
file was 125/130/135/140/145/150. Screw speed was 30 rpm. The extrudates com-
ing out of the extruder were cooled down for a better dimensional stability,
pelletized by a pelletizer, and fed into a flat die single screw extruder Haake
Rheomex P332, Thermo Scientific. The temperature profile used during process-
ing was 140/145/150/155/160/165 °C for and the screw’ rotation was 25 rpm. The
Compositions of the blend and its composite are presented in Table 1.

Table 1 Compositions of the r-LDPE/EVA Blend and its composite

Materials r-LDPE/EVA (%wt) Babassu coconut
epicarp fiber
(%wt)

Organophilic light
green clay (LGC)
(%wt)

r-LDPE/EVA blend 50/50 − −
r-LDPE/EVA/BF/LGC1 98 1 1

r-LDPE/EVA/BF/LGC3 96 3 1
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Characterization Methods

Mechanical Tests

Tensile tests were performed using EMIC universal testing machine according to
ASTM D 882-91 at room temperature and loading rates of 500 mm/min.

X-Ray Diffraction (XRD)

The XRD analysis of the blend and its composites were carried out using a Rigaku
DMAX 2200 diffractometer, operated at 40 kV and 40 mA with a CuKα radiation
and 15.4 Å as wave length (λ).

Field Emission Scanning Electron Microscopy (FE-SEM)

Surfaces of cryofractured samples examined using a JEOL-JSM-7401 F, FE-SEM.

Results and Discussion

Characterization of the LGC

Figure 1 shows the XRD patterns of light green clay, the spectrums show three peaks
with bigger intensity, its represents the montmorillonite peak (2θ = 5.5°), kaolinite
peak (2θ = 12.3°) and quartz peak (2θ = 26.6°). After the clay modification, it can
be seen a displacement to the left from 2θ = 5.5° to 2θ = 4.6°, which correspond
to the increased distances between layers from 1.6 to 1.92 nm, which confirms the
intercalation of the quaternary ammonium salt between the lamellar space of light
green clay.

Characterization of the BF

TheXRD spectrum for babassu coconut epicarp fiber is shown in Fig. 2. It can be seen
three characteristic peaks of vegetal fibers. The principal peak in 22.96° corresponds
to cellulose diffraction, in which we also have peaks around 16.21° and 34.14° that
is also characteristic of the cellulose presence.
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Fig. 1 XRD patterns of natural clay and organophilic clay

Fig. 2 XRD patterns of babassu coconut epicarp fiber

Characterization of the r-LDPE/EVA Blend and its Composites

Figure 3 shows the XRD spectrum for r-LDPE/EVA blend and its composites with
the characteristic peaks of the composition. It can be seen that there is a reduction
in the XRD spectrum intensity of r-LDPE/EVA blend with the increase of babassu
coconut epicarp fiber incorporation.
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Fig. 3 XRD diffraction patterns for the r-LDPE/EVA blend and its composites

It also measured the incorporation of the reinforcement using the FEG-SEM
technique. Figure 4 shows the micrography of cryofractured surface images of the
composite with higher fiber percentage. It was seen that therewas no good interaction
between the materials, and there was a gap found between the reinforcement phase
and the matrix phase.

For the final characterization, the tensile tests were carried out. The diagram
stress × strain for tensile tests are shown in Fig. 5. Figure 5 shows medium values
calculated from the data obtained in the test for eight samples. It can be seen that
the blend required more tension to deform compared to its composites. Besides that,
when the fiber percentage is higher, lower is the tension to the deformation.

The tensile strength at break, elongation at break (%), and Young’s modulus are
presented in Table 2. It can be seen that there was a decrease in tensile strength at
break and Young’s modulus with the fiber incorporation. These results are according
to FE-SEM image results that show the non-homogeneous distribution of fiber in the
matrix, presence of fiber agglomerates, and poor surface adhesion between fiber and
r-LDPE/EVA blend.

Conclusions

The results showed losses in tensile properties due to babassu fiber residues and light
green clay incorporation. SEMexamination showed that therewas not a good interac-
tion between the r-LDPE/EVAblend/babassu fiber interface. However, it is necessary
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Fig. 4 SEM images of the composite containing 3 wt% of babassu fiber: a (500 ×), b (5.000 ×),
c (500 ×), and d (5.000 ×)

to investigate newmethods to the incorporation of babassu fiber residues in the poly-
mer matrix, for instance, carry out preview treatment in babassu fiber residues, by
some of the different methods already described in the literature, such as merceriza-
tion, in order to improve the compatibility between these wastes and the polymer
matrix, in order to obtain a composite material with improved mechanical properties
compared to the recycled blend. On the other hand, a study about the addition of a
compatibilizer agent that will contribute to a better interface between fiber/polymer
can be also one another possibility to enhance the mechanical properties of the final
composites.
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Fig. 5 Diagram stress (MPa) × strain (%) for tensile tests of the blend and its composites

Table 2 Tensile test results for r-LDPE/EVA blend and its composites

Materials Tensile strength at
break (MPa)

Elongation at break
(%)

Young’s modulus
(GPa)

r-LDPE/EVA blend 10.12 ± 0.9 99.78 ± 2.5 0.72 ± 0.2

r-LDPE/EVA/BF/LGC1 8.66 ± 1.5 111.48 ± 9.3 0.46 ± 0.2

r-LDPE/EVA/BF/LGC3 5.96 ± 0.2 49.98 ± 9.9 0.42 ± 0.1
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Preparation of Lithium Ion Battery
Anode Materials from Precipitation
Flotation Product

Huanhuan Miao, Wenjuan Wang, Yanfang Huang and Guihong Han

Abstract The anode materials for lithium ion battery can be prepared from the
heavy metal ion flotation product in the metal-containing wastewater. Porous Cu–
Fe–metal organic frameworks (MOFs) were pyrolyzed and synthesized from precip-
itation flotation product in this study. When treated as a self-template by pyrolysis
of Cu–Fe–MOFs at 750 °C for 1.0 h in an air atmosphere, the porous composite
oxides containing CuFe2O4 and Fe2O3 were prepared and tested as anode materials
for lithium ion batteries (LIBs). The electrochemical measurements demonstrated
that the composite oxides released an initial discharge capacity of 1453.4 mAh g−1

at the current density of 100 mA g−1 and remain reversible capacity of 519.5 mAh
g−1 after 50 cycles, together with superior cyclic stability and unique structure. The
composite oxides can be seen as to be a promising anode material for LIBs. This
work can realize the effective utilization of heavy metal resources from wastewater
recycling.

Keywords Precipitation flotation · Anode material · Composite oxides ·Metal
ions

Introduction

Heavy metal waste residue is usually disposed in a stacked manner, which can cause
serious pollution to the environment, so the resource utilization of waste residue after
heavy metal wastewater treatment is an urgent problem to be solved today [1]. In
the former work, we studied the precipitation flotation removal of Cu(II) with humic
precipitant from wastewater simulants [2]. And the waste residue was the porous
metal organic frameworks (MOFs) which were obtained by precipitation flotation
experiments. Based on the highly flexible in nature, MOFs can be designed and
constructed thematerials with large specific surface and suitable aperture distribution
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[3–5]. Considering that the performance of lithium ion battery electrode materials is
deeply affected by the specific surface area, pore size distribution, crystallinity, etc.,
this kind of MOFs can be used as both a precursor and a self-sacrificing template
for the material preparation [6–8]. In order to obtain the electrode materials with
excellent electrochemical performance, the structure andmorphologyof thematerials
can be controlled by appropriate pyrolysis treatment [9].

Researchers have proposed that porous structures can provide space for the inter-
calation and extrusion of lithium ion. It can be concluded that the electrochemical
properties of the electrode materials prepared by porous MOF-based materials are
optimal [10, 11].

In this paper, for the resource utilization of waste residue, the preparation of anode
materials for lithium ion batteries with MOFs was studied. The system included the
synthesis ofMOFs and the preparation ofmaterialswith porous structure. In addition,
the structures and morphologies and the electrochemical properties of the anode
materials prepared for LIBs were investigated under different pyrolysis conditions.

Experiments

Synthesis and Processing of MOFs

First of all, the humic acid (HA) is purified by acid extraction, and heavy metal
wastewater is simulated with Cu2+ solution. Then, the precipitation flotation experi-
ment is carried out. In the Cu2+ wastewater, HA precipitant is added to carry out the
chelation reaction for 30 min, then the flocculent FeCl3 is added and the solution is
stirred stably for 10 min. When the stable flocculation is formed, the cationic sur-
factant CTAB is added, and the solution is transferred to the microbubble flotation
column after 3 min reaction for waste residue and purified water collection. Finally,
in the air atmosphere, the foam obtained by the precipitation flotation is heated to
200, 500, and 750 °C at a heating rate of 5 °C min−1, which are pyrolyzed at this
temperature for 1.0 h to obtain the active materials.

Physical Characteristics

X-ray diffraction (XRD) measurements were carried out using D8 ADVANCE
diffractometer with Cu–K α-radiation (λ = 0.15406 nm), and 2θ was in the range of
10°–80° at a scanning rate of 0.3°s−1. The particle morphologies were observed at
5.0 kV by a field emission scanning electron microscope which was equipped with
analysis software.
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Electrochemical Measurements

For the preparation of LIBs anodematerials, the activematerial (80wt%), conductive
agent acetylene black (10wt%), and special binder PVDF (10wt%)were dispersed in
N-methyl-2-pyrrolidone. For the assembly of LIBs, the resulting slurry was applied
to the copper coil substrate, and then dried in vacuum overnight at 60 °C, and the
electrode was pressed into a disk having a diameter of 8 mm, wherein the active
material loading on each electrodewas about 1–3mg. The electrodeswere assembled
into coin-like battery (CR2032) in glove box filled with argon, wherein the oxygen
and water vapor pressures less than 0.1 ppm in the glove box.

The constant current charge/discharge test was tested at the LAND-CT2001A bat-
tery test system. Themeasurements were obtained in the potential range of 0.1–1.5 V
relative to Li/Li+. Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) measurements were performed at the Autolab PGSTAT204 (Holland)
electrochemical workstation. CV measurements were made between 0.05 and 3.0 V
at a scanning rate of 0.3 mV s−1. EIS measurements were obtained by applying the
AC amplitude of 5 mV in the frequency range of 10−2–105 Hz.

Results and Discussion

Characterization of Active Materials

The XRD diffractograms of the active materials are shown in Fig. 1. The material
with calcination temperature of 200 °C has a taro peak around 2θ = 25°, which
is consistent with the characteristics of organic matter. As the calcination tempera-
ture increases, the characteristic peaks of the material with calcination temperature
of 500 °C correspond to composite oxide which includes with CuO, Fe3O4, and
CuFe5O8. The characteristic peaks of the material with calcination temperature of
750 °C correspond to composite oxide containing CuFe2O4 and Fe2O3.

Fig. 1 XRD diffractograms of the active materials which were obtained by calcination temperature
of a 200 °C, b 500 °C, and c 750 °C
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Fig. 2 SEM micrographs of the active materials which were obtained by calcination temperature
of a 200 °C, b 500 °C, and c 750 °C

SEM micrographs of active materials are shown in Fig. 2. When the calcination
temperature is 200 °C, the active material of the block structure which has small
number of pores on the surface is depicted in Fig. 2a. When the calcination temper-
ature is 500 °C, the active material has remarkable pore structure. Further, as shown
in Fig. 2c, when the calcination temperature is 750 °C, the active material has porous
structure.

Cu–Fe–MOFs are obtained by precipitation flotation and then subjected to a pyrol-
ysis operation. As the calcination temperature increases, the molecular chain of the
chelate can release some small molecular substances, such as CO2 and CO. After
that, the pore structure is increased, and porous structure is formed.

The Electrochemical Performances

The active materials are fabricated as anodes, and the constant current charge and
discharge curve of the electrodes are shown in Fig. 3. The first discharge specific
capacities of the three electrodes are 911.1 mAh g−1, 1094.5 mAh g−1, and 1453.4
mAh g−1, respectively. The second discharge specific capacities of the three elec-
trodes are 264.9 mAh g−1, 705.5 mAh g−1, and 984.3 mAh g−1, respectively. The

Fig. 3 Charge/discharge curve of active materials which were obtained by calcination temperature
of a 200 °C, b 500 °C, and c 750 °C at the current density of 100 mA g−1
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reason for the capacity decay is that some irreversible reactions occur during the first
charge/discharge, including the formation of solid electrolyte interface (SEI).

The cycle performances of the three electrodes are shown in Fig. 4. It can be
observed that the discharge specific capacity of the three electrodes decreases slowly
with the increase in the cycle number, and the coulomb efficiencies are maintained
above 96% after 50 cycles. When the calcination temperature is 200 °C, the specific
capacity of the activematerial drops sharply after the first charge and discharge cycle,
after 30 cycles, the active material is activated to improve the storage performance of
lithium, thereby its specific capacity shows an upward trend. When the calcination
temperature is 500 °C, the specific capacity of the active material begins to decay
after the first cycle and remains stable at a lower level after about 35 cycles, and after
50 cycles, the capacity is only 182.2 mAh g−1. When the calcination temperature is
750 °C, the specific capacity of the active material also shows a downward trend,
but the rate of decline is slow, after 50 cycles, the specific capacity is maintained at
519.5 mAh g−1.

In summary, the electrode with calcination temperature of 750 °C exhibits the best
cycle stability and high capacity compared to the electrodes which are obtained by
calcination at 200 and 500 °C. The porous structure of the material which is obtained
by calcination at 750 °C provides a number of sites for nucleation, which ensures
efficient volume expansion space for the insertion and embedding of lithium ions,
so that increases the stability and specific capacity of the electrode.

Figure 5 shows the Nyquist plot of the three electrodes. The high frequency
semicircle is related to the charge transfer resistance. The electrode with calcina-
tion temperature of 750 °C has the lowest charge transfer resistance, indicating that
this porous material is beneficial to reduce ion diffusion resistance and improve the
electron transport speed of the electrode material.

Fig. 4 Cycle performances of the active materials at the current density of 100 mA g−1
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Fig. 5 Nyquist plots of the
active materials

Conclusions

In this study, the porous composite is prepared by calcining Cu–Fe–MOFs in air
atmosphere, wherein Cu–Fe–MOFs were obtained by precipitation flotation treat-
ment of heavy metal wastewater. XRD and SEM results show that the synthesized
materials have pore structure. The electrochemical performances show that when the
calcination temperature is 750 °C, the reversible capacity of the prepared electrode
can be maintained at 519.5 mAh g−1 after 50 cycles at the current density of 100 mA
g−1, and the electrode has the highest cycle stability and minimal charge transfer
resistance, so the electrochemical performances are superior to the electrochemi-
cal performance of the electrode prepared at a calcination temperature of 200 and
500 °C. This study provides a possible direction for the development of high capacity
for MOF-based anode materials.
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of Polyethylene-AgNPs Films—Biocide
Effect
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and Duclerc Fernandes Parra

Abstract Low-density-polyethylene (LDPE) and Linear-low-density-polyethylene
(LLDPE) nanocomposites films containing silver nitrate (AgNO3) and surfactant
oleic acid (AO) were manufactured via extrusion and subsequently characterised.
The films were evaluated by scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDX), differential scanning calorimetry (DSC), transmission elec-
tron microscopy (TEM), and infrared spectroscopy (FTIR). Further, the antibacterial
properties of the films were investigated against Escherichia coli (Gram-negative)
andStaphylococcus aureus (Gram-positive) bacteria. The results indicated thatLDPE
nanocomposite films containingAgNPs have the potential to be used in antimicrobial
packaging for food applications.

Keywords Polyethylene · Silver nitrate · Oleic acid · Nanocomposite · Biocide

Introduction

In recent years, there was an increased demand in the polymer industry for produc-
ing packaging films that are more efficient barrier and stronger materials than those
already in the market. PE shows a wide spectrum of commercial applications poten-
tial in the packaging industry due to their well-known good mechanical properties,
specifically good processability, high stiffness in molded parts, high resistance to
tearing, as well as relative low price [1, 2]. Antibacterial packaging is the packag-
ing system, which is able to kill or inhibit the growth rate of microorganisms that
contaminate foods [3].

The growing interest in polymer nanocomposites that are advanced functional
materials composed of nanoparticles dispersed in a polymeric matrix. An important
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application of polymer nanocomposites is in antimicrobial materials. They are not
only used in medical applications such as catheters and prostheses, but also in food
packaging [4, 5].

The incorporation of AgNPs in polymers such as plastics [e.g., polyethylene (PE)
[6], polypropylene (PP) [7], polystyrene (PS) [8], polyurethane (PU) [9], thermoplas-
tic elastomer (TPE) [10], and polyvinyl chloride (PVC) [11]] to formnanocomposites
is always interesting because of their possible antibacterial activity in combination
with the mechanical properties of conventional plastics.

Recently, safe biocompatible inorganic antibacterial nanoparticles with high sta-
bility under processing conditions, such as metals and metal oxides, have been pre-
ferred to organic antibiotics due to microbial resistance to the continuous use of
organic products [12].

Several polymeric materials with different molecular weight such as polyethy-
lene glycol (PEG), polyvinyl alcohol (PVA), poly(N-vinyl-2-pyrrolidone) (PVP),
and others, mainly water soluble, have been used as coatings of silver nanoparticles
to enable particle dispersion [13], and silver nanoparticles stabilized with oleic acid
(AO) [14, 15] showed clear advantages in antibacterial activity, penetration bacteria
cells, cytotoxicity, time effectiveness, efficiency, and stability against light [16].

The antimicrobial activity of these nanoparticles of silver maybe related to several
mechanisms including, induction of oxidative stress due to generation of reactive
oxygen species (ROS) which may cause the degradation of the membrane structure
of cell and release of ions from the surface of nanoparticles that has been reported
to cause bacterial death due to binding to cell membrane [17].

This respective research, the LDPE/LLDPE, has been employed as polymeric
matrix for nanocomposites films. The compounds have been altered by the addi-
tion of silver nitrate and oleic acid with the use of ultrasound, and polyethylene
nanocomposite (PENC). Such materials can be very valuable in films for biocide
activity applications.

Materials and Methods

Materials

LDPE with a melt flow index—MFI (190/2.16) of 0.27 dg min−1 and density
0.92 g mL−1, LLDPE with a melt flow index—MFI (190/2.16) of 0.80 dg min−1

and density 0.92 g mL−1, Braskem (Brazil) were provided in the form of pellets. The
silver nitrate (AgNO3) and oleic acid (AO) were supplied by Labsynth. The com-
mercial clay Cloisite 20 was provided by BYK Additives Company, and antioxidant
(BASF Irganox B 225 ED) was added in small quantities, 2.0 wt%, to prevent the
polyethylene from oxidizing and thermally cross-linking at elevated temperatures.
The compatibilizer agent, polyethylene-grafted maleic anhydride (PE-g-MA), was
supplied by Addivant (Polybond 3029). Three different formulations containing the
LDPE/LLDPE were prepared and are represented in Table 1.



Processing and Characterization of Polyethylene-AgNPs Films … 681

Table 1 Composition of constituents of polyethylene nanocomposites (wt%)

Samples Matrix Irganox Cloisite (clay-MMT) PE-g-MA AgNO3

PE LDPE/LLDPE 2 − − −
PENC1 LDPE/LLDPE 2 1 2 1

PENC2 LDPE/LLDPE 2 − 2 1

The ultrasound equipment model USC-1400, with a working frequency of 40 kHz
and maximum intensity output of 135WRMS, was used to synthesis silver nanopar-
ticles in oleic acid solution. The silver nitrate with AO solution was sonicated for
approximately 30 min.

Preparation of the Nanocomposites

The LDPE/LLDPE (90/10) pellets were mixed with Irganox B 215 ED in a rotary
mixer and maintained under this condition for 24 h. Then, the mixture was processed
with the addition of clay (MMT1%byweight), silver nitrate (AgNO3 1%byweight),
and oleic acid in a twin-screw extruder Haake co-rotating, model Rheomex PTW
16/25, with the following processing conditions: The temperature profile (feed to
die) was 145–170 °C, with a speed of 100 rpm. After processed, the nanocomposites
were granulated in a granulator Primotécnica W-702-3. The PE films were produced
in planar sheet extruder, and the material was placed directly into the hopper of
the extruder with a temperature profile (feed to die) of 150–175 °C, screw speed
of 50 rpm and torque of 33–45 N m. The films were produced with a thickness of
~0.05 mm.

Characterization

Scanning Electron Microscopy and Energy Dispersive X-Ray

Specimens were examined with a Hitachi TM3000 Table-top SEM coupled with a
Bruker QUANTAX 70 for the collection of EDX data. SEM coupled with backscat-
tered electron detector (BSE) and energy dispersiveX-ray spectroscopy (EDX). Sam-
ple sections for the EDX analysis were taken at Analy Mode, and the acquisition
period was 120 s.
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Differential Scanning Calorimetry

Thermal properties of specimens were analyzed using a differential scanning
calorimeter DSC 822, Mettler Toledo. The thermal behavior of films was obtained
by: (1) heating from −50 to 280 °C at a heating rate of 10 °C min−1 under nitrogen
atmosphere; (2) holding for 5 min at 280 °C; and (3) cooling to−50 °C and reheating
to 280 °C at 10 °C min−1. The crystallinity was calculated according to the equation:

XC = P · �Hf · 100
�H0

where �Hf is melting enthalpy of the sample, �H0 is melting enthalpy of the 100%
crystalline PE which is assumed to be 280 kJ kg−1 [18, 19], and P was the fraction
content of PE in the sample.

Transmission Electron Microscopy

The morphology of the samples was examined with a JEOL JEM-2100 transmission
electron microscope operating at voltage of 80 kV. Ultrathin sections (80 nm) were
prepared with a Leica EM FC6 ultramicrotome with a diamond knife.

Infrared Spectroscopy

Infrared spectroscopy attenuated total reflection (FTIR-ATR) spectra of dried pris-
tine and modified polyethylene films, in the wavelength range 4000–600 cm−1,
were analyzed using a PerkinElmer Spectrum 100 spectrometer (PerkinElmer Cetus
Instruments, Norwalk, CT) with 64 scans.

Antibacterial Activity

The adapted standard JIS Z 2801 [20] was used for the tests. The cell suspension
for the inoculum was 900 × 106 mL−1 CFU for each tested step. The following
procedure was performed separately for each microorganism: Samples of the films
of PE–AgNPs were placed in a sterile Petri dish and inoculated on the surface of
50 mL of suspension of each organism in an area of 40× 40 mm2. All of them were
incubated for 24 h at 37 °C.
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Results and Discussion

Scanning Electron Microscopy and Energy Dispersive X-Ray

The degree of dispersion of nanoparticles plays an important role in the properties
of the nanocomposites. EDS combined with SEMwas used to analyze the elemental
composition comprising the films. Carbon, silicon, and silver, Fig. 1, and carbon
and silver, Fig. 2, were found on the surface of the PE–AgNPs in polyethylene
nanocomposite (PENC) matrix.

Figure 1 shows the good dispersion and distribution of silver and also silicon,
and other clay constituents, such as aluminum and iron. In Fig. 2, in addition to the
excellent distribution of silver particles, silver clusters can be observed on the film
surface.

Fig. 1 SEM images and EDX mapping of AgNPs dispersed in the film of polyethylene. a SEM
film PENC1, scale bar 3 μm; b mapping of the film with silver and silicon; c EDX data showed
silver and silicon; and d semi-quantitative analysis of silver and silicon

Fig. 2 SEM images and EDX mapping of AgNPs dispersed in the film of polyethylene. a SEM
film PENC2, scale bar 2 μm; b mapping of the film with silver; c EDX data showed silver; and
d semi-quantitative analysis of silver
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Table 2 DSC data of PENC films during the second run of melting

Samples Melting peak temperature, Tm2/°C
(±0.1%)

Degree of crystallinity, XC/% (±0.5%)

PE 112.1 32.0

PENC1 110.4 38.4

PENC2 111.0 32.8

Differential Scanning Calorimetry

The DSC results are shown in Table 2.
The incorporation of the MMT–AgNPs increased the degree of crystallinity (%)

of PE from32.0 to 38.4% in sample PENC1. This fact suggests that theAgNPs impart
a high efficiency to the heterogeneous nucleation of PE, even at a very low AgNPs
content (1.0 wt%). A research work which corroborates with the idea of this work
was published by Benchacine et al. [21], and the silver incorporation in MMT plays
an important role in the crystallinity degree XC of PE that increases when Ag–MMT
is added.

Transmission Electron Microscopy

The size and morphology of the nanofillers with a spherical format, synthesized with
surfactant (oleic acid), were investigated with TEM, Fig. 3.

TEM microphotographs of PENC2–Ag compounds with oleic acid (OA) coated
AgNPs are useful for determining particle dispersion. Oleic acid is also inexpensive,

Fig. 3 TEM images of AgNPs dispersed in the film of polyethylene, PENC2. a TEM film PENC2,
scale bar 20 nm, b TEM film PENC2, scale bar 100 nm
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easy to use, and harmless to environment materials. As observed in Fig. 3a, the oleic
acid-stabilized AgNPs are well-formed and nearly uniformly dispersed, while most
of the AgNPs are discrete with moderate degrees of polydispersion.

We can clearly observe, Fig. 3b, the presence of aggregates of 150, 200 nm in
size although some individual particles of about 10–30 nm in size can be distin-
guished. AgNPs dispersion is not complete but particles and aggregates remain in
the nanoscale range.

Silver particles have a great tendency to form micro-aggregates, and the presence
of a surfactant enhances better dispersion (at a nanoscale range) despite it is difficult
to achieve total dispersion of individual particles even when using shear forces in the
extrusion process [15].

Infrared Spectroscopy

In order to observe the presence of the oleic acid on the silver nanoparticles, infrared
spectra of polyethylene films are shown in Fig. 4.

The band characteristic of oleic acid is that at 1746 cm−1 due to C=O stretching
band of the carboxyl group (–COOH), indicating the monolayer surfactant-capped
structure of the synthesized AgNPs, the O atom in the (–COOH) group of oleic acid
offers an isolated electron to the silver atom and coordinates with the silver atom,
corroborated by [22–24].
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Fig. 5 Antibacterial activity
of prepared samples against
E. coli (a) and S. aureus (b)

Antibacterial Activity

The antibacterial activity of the prepared films was investigated using S. aureus and
E. coli as model Gram-positive and Gram-negative bacteria. The antibacterial effects
are shown in Fig. 5.

The results show that good dispersion and antimicrobial properties were obtained
with AO as a surfactant against S. aureus and E. coli. The addition of coated AgNO3

to the PE matrix represented an interesting solution for increasing protection against
S. aureus and E. coli. The percentage reduction for the CFU assay showed positive
100% biocidal results for S. aureus and E. coli in film PE–AgNPs.

The inhibition zone diameters were greater for E. coli compared to S. aureus,
demonstrating that the electrostatic attraction between positively charged silver ions
and negatively charged bacterial cells was crucial for antibacterial activity. The
antibacterial activity of PENC2 could be attributed to changes in the structure and
morphology of bacterial cells by metallic silver and silver ions that were released
from the films.

Conclusions

AgNPs stabilizedwith oleic acidwere successfully synthesized. It was also presented
that oleic acid-stabilized AgNPs had high levels of antibacterial activity against the
Gram-positive human pathogen S. aureus and Gram-negative bacteria E. coli.

The addition of coated AgNO3 to a PE matrix during the extrusion process rep-
resents an interesting solution for increasing the protection against S. aureus and E.
coli. Silver in PE film properly hindered the bacterial activity in the bulk, further-
more, with the use of AO surfactant, indicates a better dispersion of AgNPs in the
PE film and biocidal properties.
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Themodifier (oleic acid) used for silver nanoparticles improves adhesion between
the nanoparticles and the PE matrix, shown in the good distribution of the silver
nanoparticles in the PE as it was observed by TEM.
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Abstract The poly (butylene adipate-co-terephthalate) (PBAT), a biodegradable
polymer, is among the most promising materials to be considered as environmen-
tally friendly high performance biodegradable plastics. However, the mechanical
properties of PBAT are not the best for several applications. According to the lit-
erature, the properties of the biodegradable polymer can be improved by addition
of a small amount of nanofillers, such as clay, silica, and graphene. The objective
of this study is to compare the effect of the addition of Cloisite clay and graphene
oxide (GO) on the properties of flexible films based on PBATmatrix. The composite
films based on PBAT with addition of Cloisite (2.0 wt%) and PBAT composite films
with addition of Cloisite and GO (0.1–0.2 wt%) were prepared by extrusion, using
a twin-screw extruder and a flat die single extruder. The effects of the addition of
Cloisite clay and graphene oxide on mechanical and thermal properties of films were
evaluated by mechanical and water absorption tests, FE-SEM, XRD, and Raman
analysis.
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Introduction

Conventional plastics and their solid waste are an important part of the current prob-
lems that involve the maintenance of the sustainability model worldwide. The con-
ventional plastics are generally fossil-based, non-biodegradable, and consequently
are accumulated as solid wastes in the environment, which negatively affect soil and
water. This problem is related to their resistance to degrade under environmental
influences such as humidity and microbial attack [1–3]. Currently, with the increas-
ing demand for environmental protection and sustainability, the packaging industry
has been pushed to search for biobased and biodegradable plastics, so a solution
for these environmental problems is to substitute non-biodegradable polymers by
biodegradable ones [4–6].

Among various biodegradable polymers, poly (butylene adipate-co-terephthalate)
(PBAT) have received enormous attention in recent years, for being a completely
biodegradable aliphatic/aromatic co-polyester, which is derived from fossil resources
and considered as environmentally friendly [7]. Biodegradation of PBAT depends
on their chemical structure and environmental degrading conditions, mostly due to
the enzymatic action of microorganisms such as bacteria, fungi, and algae present in
the natural environment. Unfortunately, this polymer has low thermo-physical and
mechanical resistance properties in flexible films packaging when compared with
non-biodegradable polymers [1, 2].

Several studies have been performed using some fillers such as clay, carbon nan-
otubes, and graphene to obtain nanocomposites, so that the use has been increasing
in recent years because they can improve the biodegradable polymer properties and
overcome its shortcomings such as poor thermal stability and processability [7–9].
Generally, clays are used to enhance the mechanical, physical, and barrier prop-
erties of polymers matrices. The montmorillonite (MMT) is an example of clays
that have been used as biodegradable polymer reinforcement fillers, due to their
cost-effectiveness, availability, simple processability, and significant improvement
in performance [10]. Their gallery structure allows to perform an effective modifi-
cation of monolayers by cations, originated from quaternary ammonium salts. After
this method, the chemical interaction between polymer and filler increases, leading
to better dispersion of filler in polymer matrix [11].

Graphene consists of a bidimensional planar and hexagonal array of carbon atoms,
and its complete planar exposure of the carbon atoms renders graphene a theoretical
surface area of 2500m2/g [12, 13]. Graphene and its derivatives, such as the graphene
oxide (GO), have drawn much attention due to its gas-impermeable characteristics
as well as excellent mechanical and electrical properties [14]. Graphene oxide (GO)
nanosheet and its highly oxidized form are characterized by the presence of oxygen-
containing moieties, such as epoxy, hydroxyl, carbonyl, and carboxyl groups, on
the basal plane and edges of the sheets [15–19]. This nanocomposite has gained
studies, specially focusing on the improvement of the polymer, in order of its highly
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exfoliated structure and homogeneous dispersion in the polymer matrix, which can
be easily achieved due to the increased interfacial adhesion between GO nanosheet
and polar polymer matrix [20].

In the present work, a comparative study of effects of clay and graphene oxide
addition on the properties of poly (butylene adipate-co-terephthalate) (PBAT)flexible
films was carried out.

Experimental

Materials

The materials used in this work to prepare the polymeric matrix were poly (butylene
adipate terephtalate) (PBAT) and, as fillers, commercial Cloisite 30B Clay (C30B),
and graphene oxide (GO).

Synthesis Graphene Oxide (GO)

In the present work, the graphene oxide (GO)was produced from exfoliated graphite,
using the modified Hummers method. This method has been slightly modified in
relation to the process times and proportions of reagents, which provide an easy
protocol for manufacturing of oxidized graphene sheets. In a beaker, it was added
5 g of exfoliated graphite and 15 g of KMn04. This beaker was placed inside a 600ml
beaker containing ice and then was added 100 mL of H2SO4, and at this stage, there
was the release of a gas under magnetic stirring for 30 min. With the sample still
in the ice bath were added 400 mL of distilled water, it was possible to observe the
gas release. This solution was then placed in a water bath for 1 h at 90 °C, and then,
a solution of 70 mL H2O and 30 mL H2O2 was prepared and added to the beaker
containing the solution, where no reaction was present. For a period of 4 h (3 h on
one day and the other 1 h), the solution was left under magnetic stirring and at a
temperature of 50 °C. A solution was then placed in a vacuum pump with 50 mL of
HCl and 450 mL of distilled water for filtration in a Büchner hopper in a vacuum
system. Ultimately, the material retained on the filter was made dialysis for 5 days
in a 2 L beaker, changing the water twice a day, until obtaining pH between 5 and 6.
The powdered material was frozen and separated into small cups for 1 day and then
lyophilized to obtain graphene oxide. The OG was placed in the 4-cycle ultrasound
in a 200 mL beaker for 15 min each.
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Preparation of Composites

PBAT pellets and clay were dried at 60 ± 2 °C for 4 h to reduce its moisture con-
tent to less than 2%. Polymeric composites were prepared in different compositions
by weight: PBAT with addition of Cloisite (2.0 wt%) and PBAT composite films
with addition of Cloisite and GO (0.1–0.2 wt%). The load was incorporated into the
pure poly (butylene adipate-co-terephthalate) (PBAT) pellets in an extruder, torque
rheometer coupled to twin-screw extruder Haake Rheomix with 16 mm and L/D =
25 rate from Thermo Scientific, and grinded into a knife mill to obtain the particu-
late material. The temperature profile was 126/130/134/135/125/120 °C. Then, were
processed into extrusion blown film, single-screw machine with 25 mm diameter,
and specimens test samples were obtained for mechanical and tensile tests.

Characterization

The rheological characterization of the composite after mixing can determine the
level of clay dispersion and distribution of these materials, although there is still
controversy regarding the type of structure formed. The viscoelastic response of the
composites depends, among other factors, the degree of compatibility between the
biopolymer, clay and graphene.

Analyses

Tensile Tests

The tensile tests were carried out for all samples using an INSTRON Universal
Testing Machine, model 5564, according to ASTM D 638, at room temperature and
loading rates of 50 mm/min.

Water Absorption Test

Pre-dried samples (were dried at 60 ± 2 °C until weight stabilized) were weighed
for the dry weight and then placed in a bath with distilled water at room temperature.
The samples were weighed every 30 min until weight stabilized (the samples were
removed from distilled water and weighed). The water absorption capability (WAC)
was calculated using the following equation: WAC% = [(Wwet − Wdry)/Wdry] ×
100, where Wwet represents the weight of the wet specimen, and Wdry is the weight
of the dry specimen.
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Field Emission Scanning Electron Microscopy (FE-SEM)

FE-SEM of RGO nanosheets and its composites materials with ABS were carried
out using a JEOL-JSM-6701 F, microscope with an accelerating voltage of 1–30 kV,
using EDS Thermo Scientific mod. Noran System Six software, in cryofractured
samples under liquid nitrogen and covered with gold.

X-Ray Diffraction (XRD)

Patterns were recorded on a Bruker D8 Advance 3 kW diffractometer equipped
with Cu–K alpha radiation tube and scintillation detector. The XRD analysis of the
ABS and its composites materials were carried out using a Philips XPERT-MPD
diffractometer with Cu–K alpha radiation (λ = 1.54 nm) operated at 40 kV and
40 mA, with 2λ varying between 2° and 90°.

Raman Spectroscopy

The Raman spectra of nanoparticles were obtained using a Raman spectrometer
HORIBA Jobin Yvon, France, with a confocal microscope equipped with a solid
state laser crystal (λ = 532 nm) as the excitation source. The spectra obtained were
adjusted by the image acquisition software (LabSpec 5.1; HORIBA Jobin Yvon)
supplied with the instrument.

Results and Discussion

Tensile Tests Results

Figure 1 shows the diagram stress (MPa) × strain (%) for PBAT matrix polymer
and its composites, PBAT/C30B 2%, PBAT/C30B/GO 0.1%, and PBAT/C30B/GO
0.2%. From Fig. 1, it is possible observe that the stress increases linearly with strain,
due to graphene oxide (GO) 0.2% addition. The addition of Cloisite 30B 2% and GO
0.1% in PBAT matrix polymer initially causes an increase in strength followed by a
pronounced reduction, as well as a reduction in strain properties.

Table 1 presents the results of tensile tests of PBAT matrix polymer and its com-
posites. The results presented shows the average values calculated from the data
obtained in tests for five test specimens. From Table 1, it can be seen the increase in
the tensile strength at break, elongation at break and Young modulus properties of
PBAT matrix polymer due to C30B 2% and C30B/GO 0.2% addition. The addition
of PBAT/C30B 2% and PBAT/C30B/GO 0.1% in PBATmatrix showed low increase
compared to the composite PBAT/C30B/GO 0.2% of its tensile properties.
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Fig. 1 Diagram stress (MPa) × strain (%) for PBAT matrix polymer and its composites

Table 1 Tensile test results of PBAT matrix polymer and its composites

Sample Tensile strength at
break (MPa)

Elongation at break
(%)

Young’s modulus
(MPa)

PBAT 236.5 ± 26.3 89.3 ± 0.7 35.7 ± 4.0

PBAT/C30B 2% 4.5 ± 1.3 797.6 ± 95.8 11.1 ± 2.2

PBAT/C30B/GO
0.1%

31.4 ± 51.2 557.0 ± 441.2 20.2 ± 4.0

PBAT/C30B/GO
0.2%

6.8 ± 1.4 1096.2 ± 212.6 17.0 ± 3.2

X-Ray Diffraction (XRD) Analysis Results

Figure 2 shows the XRD patterns of PBAT matrix and its composites. It is possible
to observe three prominent angles approximately in 2θ (°) = 5°, 7°, and 15°. The
result of XRD at 5° corresponds to the C30B, and the clay was dispersed in the PBAT
matrix, as shown in Fig. 2. This result is very similar to what reported in [21], also, it
was possible to notice the presence of GO at 6° and 15°, according to [22], is due to
the presence of oxygen-functional groups and water molecules into the carbon layer
structure. The small peak observed at 2θ = 7° which indicates that graphene oxide
is not fully interconnected with oxygen atoms [22].
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Fig. 2 XRD patterns of PBAT matrix and its composites

Water Absorption Test Results

Table 2 presents the results of water absorption test of PBAT matrix polymer and
its composites. The results presented shows significant changes with the addition of
C30B clay 2% and graphene oxide (GO) 0.1 and 0.2%. The WAC of nanocomposite
films changed significantly depending on the type of nanofillers used and the per-
centage of it. The water absorption of composite PBAT/C30B 2% tends to decrease
with the clay fraction. The C30B clay is organically modified clay, and this result
is mainly attributed to the hydrophobicity of this modified clay [23], so as shown in
Table 2, the C30B addition decreased the water solubility of films because the layers
of MMT act as a barrier against the diffusion of the water to films [24]. Although,
when this result is compared with the addition of Cloisite 30B and GO, the WAC
increases. These results could be described by GO’s poor barrier properties, and

Table 2 Water absorption
test results of PBAT matrix
polymer and its composites

Sample Water absorption capability—WAC
(%)

PBAT 0 ± 3,0

PBAT/Clay 0.80 ± 0,1

PBAT/Clay/GO 0.1% 1.10 ± 0,05

PBAT/Clay/GO 0.2% 1.73 ± 14,51
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Fig. 3 FE-SEM micrographs of composite PBAT/GO 0.2% (1.000×) (a), and PBAT/GO 0.2%
(3.000×) (b)

that is related to their exfoliation, uniform dispersion and alignment into the PBAT
matrix and the interfacial interactions between GO and PBAT matrix [25, 26]. After
24 h, the water absorption capability property was decreased due to the PBATmatrix
sample deterioration during the submersion into water (see Table 2).

Field Emission Scanning Electron Microscopy (FE-SEM)
Analysis Results

FE-SEM micrographs of cryofractured surfaces of the PBAT matrix and composite
specimenswere studied to understand the failuremechanisms and also study possible
interaction betweendifferent components. FE-SEMmicrographs of PBATmatrix and
its composites in different magnifications are shown in Fig. 3. Micrographs surface
of PBAT/GO 0.2% with 1.000× and 3.000× of magnifications are shown in Fig. 3a
and b, respectively.

Raman Spectroscopy Results

Figure 4 shows the Raman spectrum of PBAT, PBAT/C30B, PBAT/C30B/GO
0.1%, and PBAT/C30B/GO 0.2%. The characteristics D (disorder band) and G (in
phase vibrations band) of GO are present, respectively, the D band is located at
1291.03 cm−1 and the G band at 1608.23 cm−1. This result is very similar to what
is reported in [27]. The bands of C30B are present and located approximately at
1450 cm−1, and this result is similar to this literature [28].
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Fig. 4 Raman spectroscopy of PBAT matrix and its composites

Conclusion

In this work, the results showed a better increase related to elastic deformation using
graphene oxide (GO) 0.2% and compared to the graphene oxide (GO) 0.1% and
Cloisite 30B (C30B), but concerning the plastic deformation, the sample with GO
0.1% showed superior results. The sample containing only Cloisite 30B (C30B) had
poor mechanical performance compared to the samples with oxide graphene (GO)
addition, and even the pure PBAT. The gains as water barrier for the Cloisite 30B
(C30B) addition were reduced by the graphene oxide (GO) concentration increasing.
The balance between graphene oxide (GO) and Cloisite 30B (C30B) shows itself
a very important parameter, since the PBAT with no additions degraded in water
presence.
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Study of Styrene Effect on Non-radiation
Grafting of Vinyl Benzyl Chloride
on to Polyethylene-Based Anion
Exchange Membrane

Di Huang, Jiann-Yang Hwang and Zhichao Chen

Abstract A non-radiation polyethylene-based anion exchange membrane (AEM)
was synthesized by chemically grafting 4-vinylbenzyl chloride (VBC) onto it. The
resulting AMEwith a 10% styrene addition has peak IEC value, 57% higher than the
non-styrene AEM. Water uptake and mechanical properties were slightly enhanced
with the presence of styrene. The addition of styrene improves the compatibility
between VBC and low-density polyethylene due to the formation of compatibi-
lizer of poly(styrene-co-VBC). Thesewere evidenced by elemental analysis, infrared
spectroscopy, [1] H NMR, and Field Emission-SEM.

Keywords Anion exchange membrane · Non-radiation grafting · Styrene effect

Introduction

There are renewed interests in researching and developing high-performance ion
exchangemembranes which play an important role in various industrial applications.
These include water treatment, desalination, and electrochemical devices [1–3]. Typ-
ically, IEM is composed of inert polymers such as polyethylene and polyvinylidene
fluoride [4], as well as reactive polymers such as polystyrene that can be functional-
izedwith ionic groups [5]. The IEMusedwere paired up cation exchangemembranes
(CEM) and anion exchanged membranes (AEM) [6]. A typical AEM contains posi-
tively charged groups, such as –NH3+, –NRH2+, –PR3+, and –SR2+ [6], fixed to the
membrane backbone, and allows the passage of anions but rejects cations.

Polyolefin films such as polyethylene and polypropylene have been proven to be
an attractive inert polymer material to produce IEM since they have properties of
highmechanical, good chemical, and thermal stabilities [1]. 4-Vinylbenzyl Chloride,
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which contains chloromethyl groups in its structure, was reported to be an alternative
reactive polymer to replace chloromethyl methyl ether (CMME) reagents to avoid a
harmful chloromethylation reaction [7].

Radiation-induced graft polymerization is an option to graft reactive polymeric
material on the matrix material. Richard Espiritu exploited this using gamma radia-
tion to fabricate polyethylene-based alkaline anion exchangemembranes [8].Mi-Lim
Hwang’s work showed the desired PVBC-grafted PEEK film can be prepared using
a simultaneous irradiation grafting method [9]. However, the radiation-induced pro-
cess usually results in very complicatedmolecular structures,making it hard to obtain
the desired properties which can be implemented in specific situation.

In this study, 4-vinylbenzyl chloride is successfully grafted on the low-density
polyethylene (LDPE) inert polymer via non-radiation polymerization by using
styrene as a comonomer. The wide range of PE-g-VBC anion exchange membranes
has been studied. However, using a non-radiation grafting method and with the pres-
ence of styrene has not been widely reported. The introduction of styrene could not
bring any contribution to functional groups grafted, but it can be copolymerized with
divinylbenzene to be regarded as compatibilizer.

Experiment

Material

Low density polyethylene (LDPE) with 0.1 mm thickness was purchased from
Uline Co. Ltd. Styrene (99.9% purity), 4-vinylbenzyl chloride (90% purity), 4-
Divinylbenzene (DVB 80% purity), and benzyl peroxide (BPO) were purchased
from Sigma Aldrich Co, Ltd. Trimethylamine (TMA), 30% solution, was purchased
from Acros Organics, used as amination agent.

Membrane Preparation

Grafted Copolymerization

2.5 g low-density polyethylene films were dissolved in the around bottom flask
composed with toluene and xylene at a temperature of 90 °C for 1–2 h. Styrene and
4-vinylbenzyl chloride were added into the solution as monomers. Table 1 shows
the PE-St-VBC copolymerization condition with a different monomer ratio. The
DVBwas addedwithmonomers as cross-linkage agent. Thewhole copolymerization
reaction was conducted in a nitrogen atmosphere at 90 °C for 6 h.
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Table 1 A preliminary study of copolymerization condition

Composition LDPE (g) Styrene (g) : VBC (g) DVB (g) BPO (g)

1 2.5 0 : 2 0.15 0.02

2 2.5 0.2 : 1.8 0.15 0.02

3 2.5 0.4 : 1.6 0.15 0.02

4 2.5 0.6 : 1.4 0.15 0.02

5 2.5 0.8 : 1.2 0.15 0.02

Membrane Preparation and Amination

The synthesized copolymer solution was diluted and stirred with toluene at 90 °C for
a half hour to obtain a homogeneous solution. After mixing, the viscous copolymer
solution was casted on a preheated glassy plate. To functionalize the copolymers,
the LDPE-St-VBC membranes were immersed into a 30% trimethylamine aqueous
solution at 40 °C for 24 h.

Characterization of Anion Exchange Membrane

Ion Exchange Capacity (IEC)

The Mohr’s method was adopted to determine the chloride ion’s concentration
attached on the ion exchange membranes [10]. The dried membranes were cut into
small pieces and stirred with 1.0 M HCl for 24 h to make sure all the functional
groups were changed to the Cl–. The small pieces of AEMs were then stirred with
0.2 M NaNO3 solution three times to replace the Cl– into the solution. Finally, the
0.01 M AgNO3 was used to titrate the solution with Cl– with the presence of an
indicator.

IEC = �VAgNO3 × 0.01M

Mdry

�VAgNO3 is the volume difference before titration and after neutralization. Mdry is
the weight of dry AEM.

Water Uptake Measure

The AEMmembranes were soaked in the 0.5 mol/l NaCl for 24 h. After soaking, the
wet weight of film was measured. The dry membrane was weighted after drying in
an oven at 50 °C. The water uptake of AEM is calculated using the flowing equation:



704 D. Huang et al.

Φ = (
Wwet −Wdry

)
/Wdry

where Φ represents the water uptake percentage of the film, Wwet is the weight of
the soaked film, and Wdry is the weight of its dry form.

Thermal Expansion and Swelling Measurement

The AEM was cut into 3 × 3 cm piece and immerse into deionized water with
designated temperatures for 12 h. After 12 h, the chances in the sizes were measured.
The dimensional changing rate of AEM swelling was calculated using the following
equation:

Thermal expansion rate at specific temperature (% ) = swelling rate (% )

= Lwet − Ldry

Ldrym

where Lwet and Ldry represent the average length size of wet and dry AEM piece,
respectively.

Mechanical Properties Measurement

Mullen burst strength is a uniform criterion of measuring the strength and lifetime
of membrane material. The Zhibang ZB-NPY burst testing machine was employed
to obtain the burst strength.

Morphology Characterization

The morphological characterization of AEMs was characterized and compared
by performing Field Emission Scanning Electron Microscope (FE-SEM) analysis.
The Hitachi S-4700 FE-SEM was equipped with Oxford energy dispersive X-ray
spectroscopy (EDS) microprobe.

FT-Infrared (FTIR) Spectroscopy Analysis

The FTIR spectra of copolymer (PE-St-VBC) and ammonized membranes were
characterized by using Fourier transform spectrometer. A PerkinElmer Spectrum
spectrometer with universal attenuated total reflection accessory was used to record
the infrared spectrum of the copolymer products and aminated membranes.
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Scheme 1 Synthesis of anion exchange membranes

Results and Discussion

Preparation of PE-St-VBC AME

Scheme 1 shows the synthesis process of PE-St-VBC AME. One BPO initiator can
generate two benzyloxy radicals. A copolymerization of styrene and VBCmay occur
if BPO radicals attack the styrene monomer. Since LDPE and VBC exhibit very low
entropy of mixing, formation and coalescence of the copolymer will result upon
sizable dispersed phase domains, low adhesion, and poor final properties. Adding
styrene would improve the adhesion between phases through compatibilization.

Characterization of AEM by FTIR Spectroscopy Analysis

The chemical structure of the original polyethylene, copolymer PE-St-VBC with
various styrene additions were analyzed and represented in Fig. 1. The 2917 cm−1

and 2848 cm−1 peaks reveal the asymmetry stretching and symmetry stretching
of –CH2, respectively. The –CH2 deformation stretching and bending are shown at
1464 and 719 cm−1. After copolymerization, some new absorption bends appear at
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Fig. 1 FTIR spectra of the original LDPEfilm (top) and graft copolymers synthesizedwith different
St : VBC ratios

1608 and 1515 cm−1, corresponding the stretching of C=C aromatic double bonds
[18]. The new peaks which appear at 678 cm−1 are assigned to C–Cl stretching,
and the peak at 1267 cm−1 is due to –CH2Cl wagging, both resulting from the
CH2Cl group present in VBC. These can clearly indicate that the VBC monomers
are successfully grafted on the PE films.

After quaternarization, the FTIR spectrum at Fig. 2 shows the C=C stretching
vibration is shifted to 1632 cm−1, and some characterized peaks of copolymer PE-St-
VBC, such as C–Cl stretching at 678 cm−1 and –CH2Cl wagging peak at 1267 cm−1,
have disappeared from thequaternized copolymer spectrums.These absences of char-
acterized peaks attribute to the –CH2Cl groups were aminated to the –NR4

+. Some
new peaks which appear at 1486 cm−1 and 1025 cm−1 correspond to asymmetric
stretching vibration and bending of –NR4

+ groups. These indicate that the ideal for
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Fig. 2 FTIR spectra of aminated graft copolymers (OH– form)
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adding styrene in the polymerization process is a right direction to increase the VBC
grafted on the PE films.

Characterization of AEM by SEM and TEM Analysis

The FE-SEM micrography of poly (ethylene-styrene-VBC) with various styrene
additions were represented on Fig. 3 (PS from 0 to 20% mass fraction). The grafted
polymer polyethylene-g-VBC without styrene addition shows obvious phase sep-
aration. The irregular dimensional embossments and uneven distributional spher-
ical particle demonstrate the low compatibility between polyethylene and VBC.
The appearance of tiny pores dispersed on the matrix indicates the poor miscibility
between VBC and PE. With the addition of styrene, the spherical particles with a
size of less than 1 µm distributed more uniformly on the polyethylene matrix. With
the increase in styrene, the surface of the PE matrix is observed to be more smooth,
and dispersed phases became more continuous.

Fig. 3 SEM images of a, b PE-graft-P(VBC) and c PE-graft-P(St-co-VBC) (St : VBC = 10 : 90)
copolymer, d PE-graft-P(St-co-VBC) (St : VBC = 20 : 80)
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Fig. 4 TEM images of a PE-graft-P(VBC) and b PE-graft-P(St-co-VBC) (St : VBC = 10 : 90)
copolymer

In Fig. 4, the sample image covered by microparticles composited with polyethy-
lene, PE-graft-P (VBC), or PE-graft-P (St-co-VBC). The microparticles represented
by bright agglomerates have less molecular weight and shorter polymer chains than
the dark agglomerates. The agglomerates are generally larger in copolymer with-
out adding styrene than those with 10% St added. Furthermore, the bright and dark
agglomerates have more obvious separation in Fig. 4a than those in Fig. 4b. This
indicates the addition of St improves the miscibility of PE and VBC.

Ion Exchange Capacity (IEC)

Figure 5 shows the influence of the addition of styrene to the IEC of AEM. The plot
of IEC values from titration shows the presence of styrene which greatly enhances
the IEC of AEM, implying that more functional groups were introduced to the PE

Fig. 5 Effect of St on the
IEC of anion exchange
membranes (OH– form)
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Fig. 6 Effect of styrene addition on water uptake and swelling rate of AEM

branch chains. The ion exchange capacity of 10, 20, and 30% styrene monomers
addition ratios is all higher than that found with AEM without styrene addition. The
peak value of IEC appears at 10% styrene added, and the value is 1.26mmol/g, which
is 57% higher than IEC of non-styrene AEM.

Water Uptake and Membrane Swelling Property

The water uptake and membrane swelling property of AEM with various styrene
proportions are represented in Fig. 6. Apparently, the AEM (10% styrene proportion)
with the highest IEC value uptakes the most water amount and produces the highest
membrane dimensional deformation, which is in accord with the prediction. The
high water uptake is mainly due to the high hydrophilic functional groups grated
on the membranes which are associated with the IEC. Compared with commercial
membranes, such as Nafion® 115 (~36% water uptake and 1.4 IEC value), the AEM
with 10 and 20% proportion has both acceptable IEC values and water uptake rates,
and the dimension variation is relatively stable.

Conclusion

Non-radiation polyethylene-based AEM was synthesized by chemically grafting
VBC on it with the presence of benzoyl peroxide as the initiator and subsequent ami-
nation. The St addition has a positive effect on the final properties of the AEM. The
10% St addition dramatically improves the IEC property. The value is 1.26 mmol/g,
57% higher than IEC of non-styrene AEM. We also found that further addition of
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St decreased the grafting degree of VBC since St can compete with VBC in graft
polymerization. The final membrane was characterized by elemental analysis, FTIR,
SEM, and TEM. Compared with the PE-g-VBC spectrum without styrene addition,
the OH stretching is more obvious with styrene addition after quaternization. SEM
andTEM indicated a clear phase separation between the grafting phase and the LDPE
matrix on LDPE-graft-P(VBC) without St addition.
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Study on the Separation of Zinc and Iron
in Electric Arc Furnace Baghouse Dusts
and Its Kinetics

Zhao-ran Wang, Cheng-Cheng Huo, Yu-hong Zha and Can-hua Li

Abstract In order to utilize the zinc–iron resources rich in the bag ash of a steel
mill’s electric furnace, the reaction rate and degree of zinc ferrite in the solid–solid
reduction reaction are analyzed from the kinetic point of view, and the electric fur-
nace bag is treated by the carbon-containing pellet reduction roasting method. Ash,
the effect of zinc–iron separation during the reduction process, and the comprehen-
sive utilization method of product greening were studied. The results show that in
the process of reduction of zinc and iron in the bag ash of electric furnace, the weight
loss rate and dezincification rate are positively correlated with the increase of reduc-
tion temperature and reduction time within a certain range. Under the condition of
not considering the metallization rate, the reduction temperature of 1300 °C was
determined, and the reduction rate of zinc in the electric bag ash was 98% when the
reduction time was 15 min. The research on the kinetics of reductive dezincification
shows that under certain process conditions, the ratio of decarburization with fixed
carbon proportions is relatively fast. At this time, the dezincification rate can reach
more than 90%, and the zinc removal rate is 98%.

Keywords Electric furnace cloth bag ash · Zinc extraction · Dynamics

Introduction

Electric furnace cloth bag ash is zinc-containing dust obtained by dry recovery and
cloth bag collection of flue gas during electric furnace steelmaking [1]. The electric
furnace cloth bag ash contains iron, zinc, chromium, lead and other elements, of
which the zinc content is about 5–20% [2]. The direct discharge of electric furnace
cloth bag ash not only causes serious environmental pollution and ecological dam-
age, but also wastes metal resources such as zinc and iron. At present, the utilization
methods of electric furnace cloth bag ash mainly include direct return to the sinter-
ing system, and after reprocessing and other methods [3, 4]. The most economical
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and effective method is dezincification of the electric furnace cloth bag ash before
enrichment and recycling. The resulting zinc is a valuable non-ferrous metal product,
and the remaining iron is an important rawmaterial for iron production [5]. Studying
the reduction process and influencing factors of carbon-based cloth bag ash pellets,
and exploring the dynamic process in dezincification are an urgent and important
task in the ecological application of electric furnace cloth bag ash.

Test

Test Raw Materials

The electric furnace bag ash was taken from a company in Maanshan, and its com-
position was detected by X-ray fluorescence spectroscopy (XRF). The test results
are shown in Table 1. The microscopic morphology was observed by field emission
scanning electron microscopy (FESEM) as shown in Fig. 1. The electric furnace bag
ash is mixed with 15% high-quality carbon powder and stirred uniformly, and then
the gelling agent 901 glue is mixed and pressed on the ball press to form a carbon-
containing pellet having a certain strength. X-ray diffraction (XRD) was used to
detect the phase of the carbon-containing pellet after drying, and the results are
shown in Fig. 2.

As can be seen from Fig. 1, the particle size of the electric furnace bag ash is very
small, and all are less than 1 µm. From the reaction conditions, the larger surface
area means a larger reaction contact area, that is, a more superior kinetic condition,
which will favor carbon reduction and improve dezincification efficiency [6].

It can be seen from Table 1 that the TFe of the electric furnace bag ash has a high
iron taste and the content is 56.24%. It can be seen from Fig. 2 that Fe mainly exists
in the form of ZnFe2O4, Fe3O4, and KFeO2 phases, and the impurity components
are mainly CaO, MgO, and SiO2, and the contents are 5.07%, 4.77%, and 3.29%,
respectively. The content of harmful impurity elements S and P is relatively high,
1% and 0.511%, respectively. In addition, the content of valuable metal Zn in the
electric furnace bag ash is 14.72%. It can be seen that the content of P, S, Zn, and Pb
in the ash of the electric furnace bag is much higher than the requirement of the iron
making raw material. Therefore, the content of harmful impurities must be reduced,
and valuable metals can be separated to be recycled to meet the steel production
requirements, and bring huge economic benefits to the company.

Test Methods

This experiment uses amethod of roasting reduction. Each experiment weighed 7–10
dry carbon-containing pellets, put them into graphite crucibles, and quickly rise to
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Fig. 1 Microscopic mor-
phology of electric fur-
nace bag

Fig. 2 Carbon-containing
pellet phase after drying

the experimental temperature by high-frequency heating furnace. When the exper-
imental temperature is reached, the timing starts. When the roasting time reaches
the experimental predetermined value, it is poured. The metal phase and the slag
are separated, and the mass is weighed after cooling. A soot absorption device is
arranged above the heating furnace to recover the volatilized flue gas, and the reduc-
ing slag, the reducingmetal, and the volatilized smoke are detected. Repeat the above
experiment, mainly to investigate the weight loss rate and dezincification rate of the
electric bag ash.
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Weight Loss Rate

The weight loss rate is the ratio of the mass change before and after the reduction of
the ash of the electric furnace in the electric furnace, see Eq. 1 [7].

θ = m0 − m

m0
× 100% (1)

The θ is the weight loss rate/%, m0 is the pellet mass before reduction/g, and m
is the pellet mass after reduction/g.

Dezincification Rate

The dezincification rate refers to the ratio of the dezincification rate to the mass of
the zinc element after reduction of the ash of the electric furnace bag and the mass
of the zinc element before reduction, see Eq. 2 [8].

η =
(
1 − m × Z

m0 × Z0

)
× 100% (2)

The η is the dezincification rate/%, Z is the mass fraction of zinc in the pellet after
reduction/%, and Z0 is the mass fraction of zinc in the pellet before reduction/%.

Results and Analysis

Weight Loss Rate

The change curve of the weight loss rate obtained after the reduction of the weight
loss and after the reduction of the ash of the electric furnace bag is shown in Fig. 3.

It can be seen from Fig. 3 that when the fixed holding time is 35 min, the weight
loss rate of the electric bag ash is positively correlated with the reaction temperature.
When the temperature is between 900 and 1100 °C, the temperature increase has little
effect on the reduction of zinc and iron. When the temperature exceeds 1100 °C, the
influence of temperature on the degree of reduction increases. As can be seen from
Fig. 4, when the fixed temperature is 1300 °C, the weight loss rate increases with
time, 0–15 and 25–35min. The weight loss rate changed greatly. The weight loss rate
changed little when 15–25 and 35–45 min, and the overall image increased stepwise.
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Fig. 3 Weight loss rate and tem-
perature curve

Fig. 4 Weight loss rate
versus time at 1300 °C

Dezincification Rate

The content of the reduced electric furnace bag ash was measured by XRF analysis,
and then the dezincification rate was calculated, and the obtained data are shown in
Figs. 5 and 6.

It can be seen from Fig. 5 that the fixed holding time is 35 min, and the dezincifi-
cation rate is proportional to the reduction temperature. As the reduction temperature
increases, the dezincification rate also increases. When the reaction temperature is
between 900 and 1100 °C, the temperature has a great influence on the dezincifica-
tion rate. At 1100–1400 °C, the temperature has a weak effect on the dezincification
rate. Therefore, the dezincification process can be divided into two stages, the first
reduction process. At this time, the reaction mainly involves the carbon inside the
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Fig. 5 Temperature and
dezincification rate curve

Fig. 6 Reduction time and
dezincification rate curve

pellet participating in the reduction process. At this time, the dezincification rate
reaches 75.44%, and the temperature reaches the temperature range of 1100–1400 °C.
In the range, at this time, the second reduction process, the reduction of Zn and Fe
simultaneously proceeded, and the dezincification rate reached 98.1%. At this time,
a large amount of Zn and Fe were simultaneously formed, and so the dezincification
rate was slightly lowered. As can be seen from Fig. 6, when the reaction temperature
is 1300 °C or higher, it is only necessary to reduce the ash of the electric furnace
bag for 15 min, and more than 90% of the zinc itself can be removed. When the
reduction process exceeds 15 min, the zinc in the ash of the electric furnace bag is
nearly completely removed.



718 Z. Wang et al.

Reduction Kinetic Analysis

Reduction Dynamics Basis

In the carbon-containing pellets, Zn is mainly present in the form of ZnFe2O4, so the
following reaction will occur during the reductive dezincification process [9].

3ZnFe2O4 + C → 2Fe3O4 + 3ZnO + CO (3)

ZnFe2O4 + CO → 2Fe + ZnO + CO2 (4)

FeO + CO → Fe + CO2 (5)

ZnO + CO → Zn(steam) + CO2 (6)

It can be seen from the chemical reaction equation thatwhen the carbon-containing
pellet is dezinced, the reduced product Zn is volatilized in the form of steam, and
is again oxidized to form ZnO in the flue gas recovery device, and C is gradually
reduced as a reducing agent in the reduction reaction. Therefore, in the reduction
process, the particle size of the carbon-containing pellets is continuously shrinking,
and the mass and size before and after the reaction are largely different, and even at
a higher temperature, it is directly slag. This is a model of shrinking solid reaction
kinetics in a gas–solid reaction kinetic model. The unreacted nuclear model for
the entire process is a reaction nucleus that is constantly shrinking. Therefore, this
experimental study determined the basis of the shrinkage unreacted nuclear model
to analyze the reaction kinetics of reductive dezincification [10].

Determination of the Limiting Link of Reduction Kinetics

For the determination of the restriction link in the reactionless core-shrinking model,
the chemical reaction rate constant can be compared with the diffusion coefficient.
If the absolute value of K /De is much greater than 1, the reaction is controlled
by diffusion, and conversely, the reaction is controlled by the chemical reaction
interface [11]. The relationship between time and removal rate in the reactionless
core-shrinking model is as follows:

τ = r20ρ

2DeC0

[
1 − 3(1 − F)

2
3 + 2(1 − F)

]
+ r0ρ

KC0

[
1 − (1 − F)

1
3

]
(7)

τ the time required for the reduction reaction, s;
F Dezincification rate, %;
De diffusion coefficient, m2/s;
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K chemical reaction rate constant, m2/s;
r0 oxide particle radius, m;
ρ the concentration of the original oxide in the pellet, mol/L;
C0 initial concentration of reducing gas, mol/L.

Transform Eq. (7) to get:

Y = aX + b (8)

among them:

Y = τ/
[
1 − (1 − F)

1
3

]
; X =

[
1 − 3(1 − F)

2
5 + 2(1 − F)

]
/
[
1 − (1 − F)

1
3

]
; a =

r20ρ/(2DeC0); b = r0ρ/(KC0); K/De = 2a/br0.
In terms of dynamics studies, an isothermal static reduction roasting test was

carried out in a vertical crucible having a diameter of 1200 mm. The test used a dry
pellet having an average particle diameter of 60 mm. Table 2 shows the results of
dezincification tests at different calcination times at 1300 °C in an air atmosphere.

Substituting the test results into Eq. (8) gives the regression equation (Fig. 7).
The experimental data were linearly fitted to obtain a linear regression equation

Y = 26,849.86761X-26,198.49734, and the regression coefficient was substituted
into K /De = 2a/br0, then K /De = −34.1621. It can be seen that the rate of chemical
reaction in the reduction process is much larger than the gas diffusion rate. The time
used in the reduction process is mainly in the gas diffusion process, that is, the main
limiting part of the dezincification process is controlled by diffusion.

Table 2 Dezincification rate at different times of static calcination at 1300 °C

Reduction time (min) 15 25 35 45

Dezincification rate (%) 90.4 93.5 97.1 97.9

Fig. 7 Equation (7) linear
regression fitting
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Effect of Temperature on Dezincification

In general, the relationship between the reaction rate and the reaction temperature
is determined. Because the activation energy of the reaction is much larger than
the diffusion activation energy, the process is limited by chemical reactions at low
temperatures and limited by mass transfer at high temperatures. Therefore, as the
temperature increases, the kinetic limits disappear and the process is controlled by
diffusion. The effect of the study temperature on the reduction reaction can be car-
ried out by determining the diffusion coefficient at this temperature at the same
temperature; and then calculating the activation energy according to the diffusion
coefficient at different temperatures, the workload is higher [10, 11]. However, in
this experimental study, it has been determined that the dezincification reaction is
diffusion control, so the activation energy can be determined according to the follow-
ing derivation, and the diffusion coefficient at different temperatures can be obtained.
Equation (7) is simplified as follows:

τ = r20ρ

2DeC0

[
1 − 3(1 − F)

2
3 + 2(1 − F)

]
(9)

The effect of temperature on the diffusion coefficient De can be expressed by the
Arrhenius formula:

De = D0 exp(−E/RT ) (10)

The E is the apparent activation energy (kJ/mol) of gas diffusion.
Transform Eq. (9) into the following form:

y = mx + n (11)

among them:

y = ln
{[

1 − 3(1 − F)
2
3 + 2(1 − F)

]
T

}
; x = 1/T ; m = −E/R; n =

ln 24.376τD0
r0ρ

.
In the reduction roasting test, the effect of temperature on the dezincifica-

tion rate was investigated. The calcination time was fixed at 35 min, and the relation-
ship between the obtained temperature and the dezincification rate in the tempera-
ture range of 900–1400 °C is shown in Table 3.

Substituting the data in Table 3 into Eq. (10) yields a linear equation
(Fig. 8). The X-axis is 1/T, the unit is ×103 K−1, and the Y-axis is y =

Table 3 Dezincification rate after 35 min of reduction at different temperatures

Reduction temperature (°C) 900 1000 1100 1200 1300 1400

Dezincification rate (%) 26.92 49.35 75.44 81.83 90.1 98.1
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Fig. 8 Equation of the one-way regression equation described by Eq. (10)

ln
{[

1 − 3(1 − F)
2
3 + 2(1 − F)

]
T

}
. The apparent activation energy is calculated

from the regression equation:

E = 77.3658 kJ/mol, D0 = 410930, De = 410930 exp (−77365/T ).

Figure 8 depicts the regression equation Y = −9.30549X + 16.6545 of Eq. (10).
It can be seen from the Fig. 8 that when the temperature is below 900 °C, there
is a certain error with the curve result, and there may be a phenomenon of mixed
control. When the temperature is above 900 °C, the test result is in good agreement
with Eq. (7). The results show that the temperature has a great influence on the
dezincification rate. When the temperature is above 1200 °C, the zinc is quickly
removed.

Conclusion

(1) In the zinc and iron reduction test of the bag ash of the electric furnace, the
weight loss rate and the dezincification rate are all proportional to the increase
of the reduction temperature and the reduction time. Temperature has the most
prominent effect on both. When the reduction reaction temperature is greater
than 1300 °C and the reaction is more than 15 min, the zinc in the electric
furnace bag ash is substantially removed.

(2) The study on the kinetics of dezincification removal shows that the theoretical
value obtained by shrinking unreacted nuclear model is in good agreement with
the experimental value, and the reduction process is controlled by diffusion,
E = 77.3658 kJ/mol. Under certain process conditions, the reduction and dez-
incification processes are easier to carry out, and the dezincification rate is over
98%.
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Synthesis and Characterization
of BaTiO3 Doped with Eu3+

by the Reaction Solid-State Method

J. P. Hernández-Lara, M. Pérez-Labra, F. R. Barrientos-Hernández,
J. A. Romero-Serrano, A. Hernández-Ramírez, M. Reyes-Pérez,
J. C. Juárez-Tapia, A. M. Teja-Ruiz, Víctor E. Reyes-Cruz
and J. C. Ramírez-Castellanos

Abstract Barium Titanate (BaTiO3) doped with Eu3+ was synthesized by the solid-
state reaction method. The milling of BaCO3, TiO2 and Eu2O3 was carried out in an
agate mortar with acetone as a control medium for 25 min and compositions of x =
0.001, 0.007, 0.05 and 0.1% byweight of Eu3+. The precursor powders TiO2, BaCO3

and Eu2O3 were mixed and calcined at 800 °C for 8 h and sintered at 1200 °C for 5 h.
X-ray diffraction results revealed the predominant ferroelectric tetragonal BaTiO3

phase for low compositions, and secondary phases (Eu2TiO5) for mixtures with high
concentrations of Eu3+. The X-ray mapping images showed a uniform distribution
of Ti, Ba and Eu in the samples. The incorporation of Eu3+ ions into the BaTiO3

system could greatly manifest dielectric properties and can find immense scope in
electronic elements including ceramic capacitors.

Keywords BaTiO3 · Eu3+ · Doping

Introduction

Barium Titanate (BaTiO3) has been widely studied during the last decades due to its
excellent electrical properties. A substantial number of synthetic methods have been
developed for the preparation of Barium Titanate powders [1]. Both conventional
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solid-state reaction methods and chemical methods such as sol-gel, coprecipitation,
hydrothermal used to prepare Barium Titanate, as reported by Vigalovic et al. [2].

BariumTitanate is the first ferroelectric ceramic and a good candidate for a variety
of applications due to its excellent dielectric, ferroelectric and piezoelectric proper-
ties, and it is a member of a large family of compounds with the general formula
ABO3 called perovskites, it can be prepared using different methods. The synthesis
method depends on the characteristics desired for the final application and has a
significant influence on the structure and properties of the Barium Titanate materials
[2].

In the last decade, studies have been carried out on the preparation of Barium
Titanate of nanometric size, which are still carried out by several authors [3–5].

Large-scale production is often based on solid-state reactions of mixed powders
BaCO3 and TiO2 at high temperatures [6]. However, this procedure can result in a
ceramic with inhomogeneities of composition and formation of secondary phases
that damage the electrical properties of BaTiO3 [7–10].

The classic method of synthesizing BaTiO3 ceramic powder, which consists of
mixing and calcining barium carbonate (BaCO3) and titanium oxide (TiO2), involves
a series of stages that prevent reaching the degree of purity and homogeneity required
by many of the applications current. It consists of the solid-state reaction between
barium carbonate and titanium oxide. The mechanism of formation of BaTiO3 has
been widely discussed in the literature and can be summarized in three basic steps
[11–13].

1. Decomposition of BaCO3 and diffusion of Ba2+ into TiO2 particles.

BaCO3 + TiO2 → BaTiO3 + CO2 (1)

2. The formation of BaTiO3 hinders the diffusion of Ba2+ ions and favors the
appearance of a second phase.

BaCO3 + BaTiO3 → Ba2TiO4 (2)

3. Final formation of BaTiO3.

Ba2TiO4 + TiO2 → 2BaTiO3 (3)

The use of CO2 or N2 atmospheres at 1100 °C can suppress the formation of the
intermediate phase Ba2TiO4. Barium carbonate is a very stable compound and its
thermal decomposition, in the presence of TiO2, begins at temperatures of the order
of 700 °C [14]. Similarly, the fact that the reaction occurs by diffusion of Ba2+ implies
high temperatures (above 1000 °C) and long reaction times, indicating a tendency to
the appearance of second remaining phases.

The present study reports the results of X-ray diffraction where the tetragonal
ferroelectric BaTiO3 phase predominates for low and secondary phases (Eu2TiO5)
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for mixtures with high concentrations of Eu3+, as well as elementary distribution
mappings where the images showed a uniform distribution of Ti, Ba and Eu in the
samples.

Experimental Methodology

BariumTitanate (BaTiO3) dopedwithEu3+ was synthesizedusing solid-state reaction
synthesis. The grinding of BaCO3, TiO2 andEu2O3 was carried out in an agatemortar
with acetone as a control medium for 25 min and x-compositions = 0.001, 0.007,
0.05 and 0.1% by weight of Eu3+. The precursor powders (BaCO3, TiO2 and Eu2O3)
were dried at 300 °C in a LINDBERG Muffle. The powder mixture is placed in an
alumina crucible and calcined at 800 °C for 8 h. Subsequently, they are synthesized
in an alumina crucible at 1200 °C for 5 h in a FURNACE THERMOLYNE model
46200 oven.

The results of X-ray diffraction revealed the predominant phase of ferroelectric
tetragonal BaTiO3 for low compositions and secondary phases (Eu2TiO5) for mix-
tures with high concentrations of Eu3+. X-ray mapping images showed a uniform
distribution of Ti, Ba and Eu in the samples. The incorporation of Eu3+ ions into the
BaTiO3 system could greatly manifest dielectric properties and can find immense
reach in electronic elements, including ceramic capacitors.

Results and Discussion

Figure 1 shows the spectra corresponding to sintered powders at 1300 °C. It can be
observed that at this temperature, there is no presence of the species corresponding
to precursor powders. On the contrary, there is a consolidation of tetragonal BaTiO3
(JCPDS 05-0626) in the potions 2θ ≈ 21.94°, 31.49°, 38.81°, 45.20°, 50.93°, 56.17°,
65.83°, 70.42°, 75.16°, 79.43°, 83.68° which highlights the peak of greatest intensity
at 2θ ≈ 31.49°, as well as the identification of the secondary phases Eu2TiO5 (JCPDS
22-1100) at position 2θ ≈ 29.88° for compositions x = 0.05, 0.1. Mrazek et al. and
Orihashi et al. found that lanthanide titanium oxides that crystallize in a pyrochloric
type structure with general formula Re2TiO5 and Re2Ti2O7 (Re = Rare Earths)
have been extensively investigated in recent years for their interesting properties of
photoluminescence [15, 16].

Figure 2 shows the images obtainedbySEMofBaTiO3 dopedwithEu3+ sintered at
1300 °C for 5 hwith a heating and cooling rate of 7 °C/min at differentmagnifications
for the composition x = 0.10. In this figure, you can see rounded and sub-rounded
particles Fig. 2a, b which present the characteristic necks of a sintering process, as
well as a homogeneous distribution of the sintered particles, the grains appear to have
a large distribution and the formation of the necks can be observed in more detail
Fig. 2c, d.
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Fig. 1 X-ray diffraction spectra of BaTiO3 doped with Eu3+. 0.001 ≤ x ≥ 0.1

Figure 3 shows the elemental distribution mappings of oxygen, titanium, and
barium for the composition x = 0.007. In the images, a high contrast is observed
due to the concentration gradient of each corresponding element, the brightest areas
correspond to areas rich in oxygen, titanium and barium, on the contrary, the dark
areas correspond to poor areas in the same elements. In this sample, the concentration
of the europium could not be observed because it is a low europium composition and
could not be detected by the team. Similarly, the EDS results of sintered powders
at 1300 °C are observed where the presence of the elements O, Ti and Ba can be
observed, the europiumcouldnot bedetectedbyEDSbecause it is a lowconcentration
and the equipment cannot he could detect it.

Figure 4 shows the elementary distributionmappings for oxygen, titanium, barium
and europium for the composition x = 0.05% by weight Eu3+, respectively. In the
images, the concentration gradient of each corresponding element is observed, the
brightest areas correspond to areas rich in oxygen, titanium, barium and europium,
respectively, on the contrary, the dark areas correspond to poor areas in the same
elements. Similarly, a homogeneous concentration is observed in the analyzed area
and showed uniform distribution. In the EDS results, the presence of the elements
of the doped ceramic powders can be observed, for this sample the presence of the
dopant is abundant.
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Fig. 2 Micrographs obtained by SEMof BaTiO3 dopedwith Eu3+ for x = 0.10. a 5000x, b 10000x,
c 15000x, d 20000x

Fig. 3 Elemental distribution mapping of BaTiO3 doped with Eu3+ for the sample x = 0.007% by
weight
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Fig. 4 Elemental distribution mapping of BaTiO3 doped with Eu3+ for the sample x = 0.05% by
weight

Conclusions

Barium Titanate doped with Eu3+ was synthesized using the solid-state reaction
method. The X-ray diffraction spectra of sintered powders at 1300 °C confirm the
formation of tetragonal BaTiO3 as a consolidated phase because there is no longer
any presence of Eu3+ remnants as well as they also show the formation of a secondary
Eu2TiO5 phase (JCPDS 22-1100). SEMmicrographs show rounded and sub-rounded
particles which present the characteristic necks of a sintering process, as well as a
homogeneous distribution of sintered particles, the grains appear to have a large
distribution. The elementary distribution mappings show the concentration gradient
of each corresponding element, the brightest areas correspond to areas rich in oxy-
gen, titanium, barium and europium, respectively, on the contrary, the dark areas
correspond to poor areas in the same elements.
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Synthesis and Characterization
on Copper Oxide Anode of Lithium-Ion
Battery

Xuechun Han, Shuzhen Yang, Huina Sun, Yanfang Huang and Guihong Han

Abstract Ultra-thin CuO nanomaterial was easily prepared by calcining the cop-
per hydroxide precursor which was obtained from solution route. X-ray diffrac-
tion (XRD) and scanning electron microscope (SEM) were used to characterize the
structure and morphology of annealed samples. The results demonstrate the material
exists as uniform nanosheets with a nominal thickness of 5 nm. The electrochemical
performances were measured and analyzed via cyclic voltammetric curves (CV),
electrochemical impedance spectra (EIS), charge/discharge curves, and cycling per-
formances. The discharge capacity of the CuO nanosheets in the first cycle can
achieve 826.7 mAh g−1 with the coulombic efficiency of 57.45%. The first cycle has
a charge specific capacity of 475 mAh g−1. The charge capacity maintained 376.1
mAh g−1 at a current density of 100 mA g−1 even after 40 cycles.

Keywords Lithium-ion battery · Anode materials · Transition metal copper oxide

Introduction

Compared to other energy materials, lithium-ion batteries (LIBs) possess the charac-
teristics of high energy density, long cycle life, high operating voltage, insignificant
memory effect, and slow self-discharge. It is considered to be an ideal energy source
for electric vehicles and hybrid vehicles. However, the poor cycling performance
of conventional anode materials has made it impossible to meet consumer demand
for high energy and high power density for lithium-ion batteries. In addition, its
poor safety performance poses a significant concern. Therefore, it is necessary to
explore new anode materials such as nitrides, transition metal oxides, phosphides, or
fluorides to meet these requirements [1–3]. Among them, copper oxide (CuO) has
been widely considered due to its high specific capacity (670 mAh g−1), low cost,
high safety, and facile to synthesize nano-shapes of various sizes [4]. However, its
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poor conductivity and large volume change during the lithiation/delithiation process
lead to a rapid decay of capacity. In order to solve this problem, some techniques
for improving the performance of CuO anodes have been reported, for example, the
CuO/C nanocomposite can be prepared [5–11]. The addition of carbon material not
only improves the electronic conductivity but also prevents the destruction of the
CuO crystal structure during the Li+ insertion–extraction process. Nevertheless, the
reversibility of CuO is reduced by the addition of carbon materials [12]. One feasible
and effective way is to develop nanomaterials of CuO [12–17]. The electrochemical
properties of CuO vary greatly with the morphologies. In general, uniform morphol-
ogy and fine structure of the CuO nanomaterial can promote the specific capacity
and cycle performance. It is meaningful to synthesize CuO nanomaterials with the
uniform morphology to improve the electrochemical performance.

Herein, we focused on the synthesis of ultra-thin CuO nanosheets by a sim-
ple solution route with heat treatment. The precursor was obtained by a chemical
precipitation reaction of copper sulfate pentahydrate (CuSO4 · 5H2O) and sodium
hydroxide (NaOH), and then calcined in air for 2 h.

Experimental Methods

Synthesis of CuO

First, 0.2 mol NaOH was dissolved in 100 mL distilled water and 1 mmol CuSO4

· 5H2Owas dissolved in 10mLdistilledwater. Then theCuSO4 solutionwas dropwise
added into the NaOH solution under magnetic stirring at 20 °C. After reaction for
20 min, fine grains were produced. The resulting light blue powder was collected
by high-speed centrifugation and washed several times with deionized water and
ethanol. The obtained blue precipitates were dried in an oven for 6 h at 60 °C. The
precursor was calcined in air at 150 °C for 2 h with a heating rate of 5 °C min−1 to
obtain a dark black powder.

Physical Characterization

The phase of the product was characterized by X-ray diffraction (XRD, Bruke D8-
Advance, Cu-Kα). Themorphology of CuO nanomaterials was characterized by field
emission scanning electron microscopy (FESEM, HITACH S4800). The lithium-ion
battery was subjected to constant current charge and discharge test and the multiple
charge and discharge test using the Land 2001 A battery test system. The voltage
range of constant current charge and discharge was 0.05–3 V, and the current density
was 100 mA g−1. Cyclic voltammetry and AC impedance testing of lithium-ion bat-
teries were performed using the Autolab PGSTAT204 electrochemical workstation.
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The cyclic voltammetry test had a voltage sweep range of 0.05–3 V at a scan rate of
0.3 mV s−1, and an AC impedance test frequency range was 0.01–105 Hz with an
AC amplitude of 5 mV.

Electrode Preparation and Battery Assembly

The working electrode (WE) was prepared by mixing an active material (CuO), a
conductive agent (acetylene black), and a binder (polydiethylenedifluoride: PVDF) in
themass ratio of 8 : 1 : 1. The dispersionmedium of PVDFwas N-methylpyrrolidone
(NMP). The obtained slurry was uniformly coated on a copper foil with a bench
coater. The WE was dried in a vacuum oven at 60 °C for 12 h. Then the WE was
punched into a circular electrode piece with a diameter of 14 mm using a manual
punching machine.

The average mass of the electrode sheets is about 2 mg. The button cells were
assembled in an argon glove box in which the contents of O2 and H2O are both less
than 0.1 ppm. The lithium metal sheet acts as a counter electrode and a reference
electrode, and the separator is polypropylene. The electrolyte is 1M LiPF6, wherein
the solvent composition is EC/DMC/MC with a volume ratio of 1 : 1 : 1.

Results and Discussion

XRD is mainly used to analyze the composition of synthetic samples and determine
the crystal structure. The XRD pattern of the CuO sample is shown in Fig. 1. It
is apparent that the sample is indexed to a monoclinic copper oxide (CuO) phase

Fig. 1 XRD pattern of
ultra-thin CuO nanosheets
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with lattice parameters a = 4.688 Å, b = 3.423 Å, c = 5.132 Å (JCPDS card no.
48-1548). No characteristic peaks of Cu(OH)2 and Cu2O are observed in the XRD
patterns, indicating that sample is with high purity.

Figure 2 showsSEMimages of preparedCuOnanostructures,which showuniform
ultra-thin nanosheets with a thickness of about 5 nm. As can be seen from Fig. 2a,
the nanosheets exhibit good dispersibility.

Figure 3 shows the cyclic voltammetry curves of the 1, 2, and 3 turns of the lithium-
ion battery with the CuO nanomaterial as the negative electrode in the potential range
of 0.05–3.0 V and the scanning rate of 0.3 mV s−1. During the reduction process,
the strong reduction peak located near 0.887 V corresponds to the reduction of CuO
and the formation of solid electrolyte interface (SEI) film. The reduction peak near
0.662 V corresponds to the alloying reaction between Cu and lithium ions to form a
lithium intercalation compound LixCu. The oxidation peak near 1.603 V during the

Fig. 2 a, b SEM images of ultra-thin CuO nanosheets under different magnification

Fig. 3 CV curves of ultra-thin CuO nanosheets
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Fig. 4 EIS of the CuO electrodes

anodization corresponds to the de-alloying process of LixCu, which is reversible. The
weaker oxidation peak at 2.4 V indicates that the reaction between Cu and Li2O to
form CuO and Li+ is partially reversible. In the second and third circles, the weaker
reduction peaks located near 0.677 V and 1.154 V are, respectively, the formation
of the SEI film and the reduction of CuO, indicating that the SEI film tends to be
stable in the subsequent cycles. It is observed that the second and third circles are
substantially coincident, manifesting that the electrode with the CuO nanomaterial
has good reversibility.

Figure 4 shows the electrochemical impedance spectroscopy (EIS) of the CuO
electrode. The curve consists of a semi-circle from the high frequency to the inter-
mediate frequency and a straight line in the low frequency region. The semi-circle is
SEI impedance film, and the slope of the line is the diffusion impedance of lithium
ions in the electrode active material. The larger the slope, the smaller the diffu-
sion impedance of lithium ions [18]. Figure 4 illustrates the diffusion impedance of
lithium ions increases slightly.

The cycle performance of the CuO nanosheets electrode at a current density of
100mAg−1 is shown in Fig. 5a. It can be seen from the figure that theCuOnanosheets
exhibit excellent cycle performance. The specific discharge capacity of the first cycle
is as high as 826.7 mAh g−1, which is higher than the theoretical specific capacity
of CuO (670 mAh g−1) [12]. The high discharge specific capacity of the first cycle
is due to the reduction of the electrolyte and subsequent formation of the SEI layer
on the anode material [19]. The first cycle has a charge specific capacity of 475 mAh
g−1 with a coulombic efficiency of 57.45%. After 40 cycles, the charge capacity
maintains as high as 376.1 mAh g−1 with a capacity retention rate of 79.2%. The
high capacity retention of the CuO nanosheets is attributed to ultra-thin size and
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Fig. 5 a Cycling performance of ultra-thin CuO nanosheets, b the voltage–capacity curves for the
first three turns of CuO

uniform dispersion, which is advantageous for adapting to volume change due to
volume expansion during Li+ reciprocating insertion and extraction.

Figure 5b displays the voltage–capacity curves for the first, second, and thirtieth
cycles of ultra-thin CuO nanosheets at a current density of 100 mA g−1. The first
discharge cycle has three platforms, respectively, around at 2, 1.2, and 0.9 V. The
platform at 1.2 V corresponds to 0.887 V in the CV figure, which indicates CuO
reduction and SEI film formation. The platform at 0.9 V represents the alloying
reaction between Cu and Li+ to form LixCu, which corresponds to 0.622 V in the CV
diagram. There are two platforms in the second and thirtieth cycles, which are around
1.3 V and 0.8 V, respectively, denoting CuO reduction and SEI membrane formation.
The platform is not obvious in the charging process, which exactly coincides with
the weak oxidation peak in the CV diagram.

Figure 6 illustrates the rate performance of CuO electrodes at different current
densities. At 0.1C, a charge capacity of 290.9 mAh g−1 is obtained after 10 cycles.
At 0.2C, 0.4C, 0.8C, 1.6C, the value decreased to 183.7 mAh g−1, 127.1 mAh g−1,
90.6 mAh g−1, 56.9 mAh g−1, respectively. In addition, when the current density
returned to 0.1C, the charging capacity rise back to 205.7 mAh g−1, demonstrating
a relatively stable rate capability.

Conclusions

In this paper, ultra-thin CuO nanosheets (about 5 nm) with uniform dispersion were
successfully synthesized by a simple solution route combined with heat treatment.
Electrochemical tests show that the synthesized CuO nanosheets have excellent elec-
trochemical performance. After 40 cycles, the reversible specific capacity can reach
376.61mAh g−1. Therefore, low cost, simple synthetic route, and high electrochemi-
cal performancemake ultra-thin CuOnanosheets become a promising anodematerial
for lithium-ion batteries.
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Fig. 6 Cycling performance of ultra-thin nanosheets CuO at different current densities
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