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precursors was discussed.

The aim of this study is to develop a new method for the preparation of high-value, environmentally
friendly products from iron chromium grinding waste (ICGW). Using iron chromium hydroxide precursors
from the wet treatment of ICGW as raw material, monodisperse micaceous iron oxide (MIO) has been
prepared via hydrothermal method. The effect of NaOH concentration and hydrothermal reaction temper-
ature on the formation and morphology of obtained MIO powders were investigated carefully. Synthesized
MIO powders have high purity (97.6%), even distribution of sizes (~15 um) and uniform flake. Quality test
results showed that MIO products met the first rank criterion of ISO 10601-2007 (the standards of MIO
pigments for paints). Furthermore, the formation mechanism of MIO from iron chromium hydroxide

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Iron oxide is an important inorganic nonmetallic material, which
is widely used in pigments [1,2], catalyzer [3,4], biomedical
engineering [5] and other fields [6]. Micaceous iron oxide (MIO),
a type of hematite (Fe,03), has attracted much attention due to its
good durability, excellent chemical stability and low cost [7-9].
Moreover, MIO has been widely used as the source of magnetic
materials and protective coatings, particularly in anticorrosive
media in industrial anticorrosion coatings [10-14]. The conventional
method to obtain this material is exploitation of the specularite [15],
but obtaining monodisperse, high purity and uniform flake powders
may not be easy. In order to improve the quality of MIO, numerous
synthetic routes have been developed, including high temperature
molten salt [16], vapor phase [17], hydrothermal method [18], etc.
Compared with other routes, hydrothermal method is of the advan-
tages of less energy consumption, easily-controlled operating condi-
tion, good for large-scale serial production and available wastes as
raw materials [19,20]. With mineral resources exhaustion and the
growing demand for high quality MIO, the hydrothermal synthesis
of MIO has been concerned and developed widely in recent years
[21,22].
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Iron chromium grinding waste (ICGW) is an iron chromium
solid waste, resulting from grinding processes of chromium steel.
In China, >10 million tons of ICGW are produced each year. The
solid waste is a mixture of small metal particles, lubricants, resin
adhesive and residuals from grinding media, such as abrasive belts
or stone wheels [23]. Due to high impurity content and the strong
binding force between the impurities and metal particles, widely
used extraction methods of magnetic separation or flotation are
ineffective. Chemical treatments have been demonstrated to be
effective for iron recovery from refractory wastes [24,25]. However,
for ICGW, this processing can generate a large number of chromium
laden sludge, instead of highly pure iron oxide or hydroxide. At
present, most of ICGW are landfilled or directly re-used in sintering,
which can lead to secondary pollution and resource waste. There-
fore, technologies for ICGW treatment and reutilization are in urgent
demand.

MIO has high economic value and large market demand. If MIO
can be synthesized from ICGW, it can be benefited in economy,
environment and social. To the best of the author's knowledge,
no similar studies have been reported in the literature. Thus, the
aim of this study is to report the synthesis of MIO from ICGW via
hydrothermal method. The effect of sodium hydroxide (NaOH)
concentration and hydrothermal temperature on the formation
and morphology of MIO were studied. Furthermore, the formation
mechanism of MIO from iron chromium hydroxide precursors was
discussed.
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Fig. 1. Physical photo of ICGW.

Table 1

Chemical composition (wt%) of the ICGW dried by air.
Components wt% Components wt%
Fe 82.92 Cr 2.00
Mn 0.18 \ 0.02
oil 3.20 Other 13.20

2. Experimental
2.1. Materials and reagents

All reagents used in this study were of analytical grade and locally
procured. ICGW samples used in this study were obtained from a
Chinese cold rolling production company. Physical photo of ICGW is
shown in Fig. 1, from which can be seen that ICGW is dark gray and
cotton-like. Table 1 lists the chemical composition of ICGW dried at
room temperature. From Table 1, ICGW sample contains predominantly
Fe (82.92 wt%), Cr (2.00 wt%), oil (3.20 wt%), small amounts of Mn
(0.26 wt%) and V (0.02 wt%).

2.2. Preparation of the MIO pigment

The experimental flow chart is shown in Fig. 2. First, [ICGW
was weighed (100 g), and leached by 500 mL sulfuric acid (8 mol/L)
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at 80 °C for 4 h. Then pickling was filtered out and collected. An appro-
priate amount of hydrogen peroxide (30 wt%) was added to the filtrate
so that all iron could exist in the Fe** form. Subsequently, ammonia,
used as precipitant, was dropped into the oxidized solution under
continuous stirring until pH reached to about 7.5. As a result, Fe and
Cr were precipitated into iron chromium hydroxide precursors (Fe
(OH)3 and Cr(OH)s). After filtration, the obtained (NH,4),SO4 solution
can be used to prepare ammonia by ammonia recycling process. The ob-
tained iron chromium hydroxide precursors were mixed into NaOH so-
lution of certain concentrations (heated to 60 °C in water bath) at a
solid to liquid ratio of 1:12. Subsequently, the whole mixture was
stirred for 15 min before it was transferred into a Teflon-lined stainless
steel autoclave, sealed, and maintained at a certain temperature for 5 h
with fill factor 70%. After the heat treatment, the autoclave was cooled
to room temperature. Products were obtained and collected by centrifu-
gation separation, and then cleaned ultrasonically several times with
deionized water. The liquid from centrifugal separation contained a
large amount of NaOH. Therefore, it can be collected and reused.

2.3. Characterization

Soak the ICGW overnight in a large amount of acetone. Then, the
ICGW was washed with water, and dried in argon atmosphere. In the
above process, the weight loss rate of the ICWG was considered to be
the content of oil. Besides, in order to test the content of metal elements
in the ICWG, ICWG was digested and analyzed by Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-OES, OPTIMA 7000DV,
PerkinElmer, USA).

The matter volatile at 105 °C, matter solubility in water, oil absorp-
tion value and pH of aqueous suspension of MIO were tested according
to general methods of test for pigments and extenders specified by ISO
787-2,3,5,9 [26-29], and the residue on sieve of MIO was tested accord-
ing to ISO 3549 [30]. Acid dissolution followed by chemical titration was
used to determine the content of iron oxide and ferrous oxide of
prepared MIO samples.

The X-ray photoelectron spectroscopy (XPS) analyses were per-
formed using AXIS Ultra XPS system (Kratos Analytical, Manchester,
United Kingdom) equipped with a Monochromated Al Ko (150 W)
as an X-ray source. X-ray powder diffraction (XRD) patterns were
recorded using Philips APD-10 X-ray diffractometer with Cu Ko
radiation. The morphology of products was observed in the field-
emission scanning electron microscope (ZEISS ULTRA 55, Germany).
The distribution of elements in the sample was characterized by
scanning electron microscopy (ZEISS EVO 18, Germany) coupled with
energy dispersive X-ray spectroscopy (EDS).
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Mixture and stirring
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Fig. 2. Preparation flow chart of MIO synthesized from the ICGW.



Intensity (arb.units)

B. Liu et al. / Powder Technology 329 (2018) 401-408

m FeOOH A a-Fe,)0;
A
[ AN A 4L 20 mol/L
= Y N - 18 mol/L,
' LA ! L 16 mol/L,
oA 14 mol/L

2 Theta (degrees)

Fig. 3. XRD patterns of MIO prepared at different NaOH concentrations.
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Fig. 5. XRD patterns of MIO prepared at different hydrothermal temperatures.

Fig. 4. SEM images of MIO synthesized at different NaOH concentrations: (a) 4 mol/L; (b) 6 mol/L; (c) 8 mol/L; (d) 10 mol/L; (e) 12 mol/L; (f) 14 mol/L.
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Table 2
Effect of hydrothermal temperature on the formation and crystalline size of MIO.

Hydrothermal temperature (°C) % phase obtained Crystalline size (nm)

160 9.8% a-Fe,05 131

91.2% FeOOH 313
180 27.3% a-Fe,05 231

72.7% FeOOH 663
200 98.2% a-Fe,03 24
220 98.3% t-Fe,05 437
240 98.6% ot-Fe,05 570
260 98.8% a-Fe, 03 610

3. Results and discussions
3.1. NaOH concentration

For the hydrothermal synthesis of MIO from ferric hydroxide
precursor, studies have shown that NaOH concentration and reaction
temperature are two of the most important influence factors [21,31].
Only when these two factors meet certain conditions, high-quality
MIO can be obtained. According to Zheng's point [21], the optimum

NaOH concentration should be >7 mol/L, and the optimum reaction
temperature should be >200 °C. In our previous studies [31], the optimal
conditions were NaOH concentration of 8 mol/L and reaction tempera-
ture of 200 °C. Based on these findings, in this study, the two factors
were investigated one by one by keeping the other factor constant.
Furthermore, the basic values of these two factors were set to 8 mol/L
and 200 °C, respectively.

A series of experiments were performed with NaOH concentration
ranging from 4 to 20 mol/L, while hydrothermal temperature was
fixed at 200 °C. XRD patterns of the as-synthesized products were
shown in Fig. 3. The XRD patterns of the 4 mol/L sample showed the
presence of FeOOH (JCPDS: 33-0664) and traces of a-Fe,;03 phases
(JCPDS: 33-0664), which indicated that the reaction from ferric hydrox-
ide precursor to o-Fe,03 is inadequate. As NaOH concentration
increased, the content of a-Fe,03 phase increased, and FeOOH phase
decreased accordingly. This may be due to the increase of the solubility
of FeOOH with increasing NaOH concentration [32-34]. At 14 mol/L,
a well-crystallized pure a-Fe,05 phase was formed. However, over
14 mol/L, the sample exhibited more fuzzy diffraction peaks and
lower diffraction intensity. Moreover, the presence of FeOOH phases
in samples could be observed again. It has been reported that sodium
ferrate can be synthesized by the reaction of sodium carbonate and

Fig. 6. SEM images of MIO synthesized at different reaction temperatures: (a) 160 °C; (b) 180 °C; (c) 200 °C; (d) 220 °C; (e) 240 °C; (f) 260 °C.
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Fig. 7. Physical photo of MIO obtained under the optimized conditions.

iron oxide, and as-synthesized sodium ferrate is easy to hydrolyze
[29]. The reactions can be expressed as follows:

Fe,03 + Na,CO3 —2NaFeO, + CO, (1)

FeO, ™ + 2H,0—Fe,05 - H,0 + 20H™ )

In view of the above, the gradual disappearance of a-Fe,03 and
the reappearance of FeOOH with increased NaOH concentration
may be due to the reaction between newly formed a-Fe,;05 and
sodium hydroxide. In extreme alkaline environment, Fe,03; may
react with NaOH to form NaFeO,, which lead to gradual disappear-
ance of Fe,03 diffraction peaks with increased NaOH concentration.
In separation and cleaning process of hydrothermal products,
NaFeO, may be hydrolyzed, producing FeOOH. The reactions can be
expressed as follows:

Fe,03 + 2NaOH — 2NaFeO, + H,0 (3)
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Fig. 8. XRD patterns of ordinary MIO and MIO prepared in this study.

FeO,— + H,O—FeOOH + OH™ (4)

It was noteworthy that, under the same or similar conditions, NaOH
concentration required to obtain single phase a-Fe,03 powder in
this study was much higher than those reported in previous studies.
Zheng et al. reported the synthesis of MIO from pyrite cinders via
hydrothermal method [21]. According to their results, the single phase
a-Fe,03 powders was achieved at NaOH concentration 1 mol/L,
which was only equivalent to 1/14 of the value of this study. This
may be due to the difference on the chromium content of the two
wastes. Cr/Fe molar ratio of ICGW in this study reaches 2.60 x 102,
which is >140 times higher than that of pyrite cinders reported in
Zheng's study. The precipitation pH value intervals of iron and chro-
mium are similar. So, chromium will inevitably enter the hydrothermal
precursor. According to the data of Krehula et al. [35], Cr can be doped
into goethite crystal lattice in highly alkaline media. Moreover, it has
been reported that Cr inclusions into iron oxides can improve their
corrosion resistance [37]. It can be concluded that incorporation of Cr
into goethite crystal lattice strongly stabilized goethite against NaOH
dissolution. Therefore, in this study, higher NaOH concentration was
required to promote the conversion of goethite to iron oxide.

The SEM micrographs of the products at different NaOH concentra-
tion were shown in Fig. 4. From Fig. 4(a), the 4 mol/L sample exhibited
needlelike and serious agglomeration, indicating that hydroxide precur-
sor could hardly be transferred to a-Fe,0s. This result was consistent
with the XRD analysis. With increasing NaOH concentration, the mor-
phology of as-synthesized products changed from needlelike to platelet,
and then to flake. Moreover, particle size of the products increased with
the increase of NaOH concentration. It may be attributed to increasing
NaOH concentration accelerating the nucleation and growth of the
a-Fe,03 phase. On the other hand, different morphology of obtained
products may be caused by the selective absorption of OH™ groups on
a special crystallographic plane, which was consistent with Peng's
results [38]. Therefore, the optimal NaOH concentration should be
14 mol/L. Under this condition, the obtained MIO was flaky particle
with good crystalline form.

3.2. Hydrothermal temperature

A series of experiments were performed with hydrothermal tem-
perature ranging from 160 °C to 260 °C, while NaOH concentration
was fixed at 14 mol/L. Fig. 5 showed the XRD patterns of the products
obtained at different hydrothermal temperatures. Table 2 summarized
the percentage of the formed phases and its crystalline size. Below
200 °C, samples had a large amount of FeOOH phase. However, samples
had almost pure corundum a-Fe, 05 structure when the hydrothermal
temperature was higher than 200 °C. When the hydrothermal tempera-
ture rose from 200 °C to 260 °C, the a-Fe,;03 phase content of the
corresponding sample increased from 98.2% to 98.8%. In addition,
the crystalline size of a-Fe,03 also increased with the increase
of hydrothermal temperature. Therefore, hydrothermal temperature
played an important role in the formation of a-Fe,O5 crystals,
and higher temperature aided ferric hydroxide precursor transfer to
a-Fe,0s.

Fig. 6 presented SEM micrographs of products obtained at differ-
ent hydrothermal temperatures. From Fig. 6(a), products synthe-
sized at 160 °C exhibited amorphous and serious agglomeration,
indicating that ferric hydroxide precursor could not be transferred

Table 3

Unit cell parameters of the ai-Fe,O3 phase.
Sample a(A) b (A) c(A)
Ordinary MIO 5.036 5.036 13.751
MIO prepared in this study 5.034 5.034 13.738
JCPDS File 33-0664 5.036 5.036 13.749
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Fig. 9. Maps of iron, chromium and oxygen of MIO prepared in this study.

to a-Fe,03 completely at 160 °C. This result was consistent with the
XRD analysis. When the temperature rose to 180 °C, the amount of
amorphous powder in the product was greatly reduced. When
reaction temperature was higher than 200 °C, the obtained products
were uniform flakes and their particle size increased with the
reaction temperature. Taking into accounts all these results, along
with the economic factors, the optimal hydrothermal reaction
temperature was 200 °C.

3.3. Properties of synthesized MIO

To sum up the above discussion, without considering multi-factor
coupling actions, the optimized conditions were: sodium hydroxide
concentration, 14 mol/L; reaction temperature, 200 °C. The physical
photo of the MIO obtained under the optimized conditions was

20000
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725 720 715 710 705 700
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Fig. 10. The XPS spectrum of Fe 2p for the synthesized MIO.

shown in Fig. 7, from which it can be seen that obtained MIO
presented a metallic gray. In order to compare the structure, MIO
powders were respectively synthesized using chemical grade ferric
chloride (FeCl;-6H,0) and ICGW as raw materials, for samples
labeled ordinary MIO and MIO prepared in this study, respectively.
Fig. 8 showed the XRD patterns of the two MIO, while experimental
conditions were kept consistent: 14 mol/L NaOH concentration,
200 °C, 5 h. Compared with the ordinary MIO, the diffraction peaks
of MIO prepared in this study moved towards higher diffraction
angles (inset in Fig. 8). The unit cell parameters a, b and c of
the two MIO were listed in Table 3. For comparison, the unit cell
parameters of a-Fe,03, taken from the JCPDS file 33-0664 were
also listed in Table 3. Compared with the JCPDS files and the ordinary
MIO, a, b and c parameters of MIO prepared in this study were signif-
icantly lower. These results illustrate that Cr has been doped into the
iron oxide crystal structure.

Table 4
The content of oxides of iron in the synthesized MIO powders.
Components wt% Components wt%
Fe,03 97.60 FeO 1.19
Table 5

Quality of MIO synthesized from ICGW under optimal conditions.

Characteristic ISO 10601-2007 (grade A) Synthesized

sample
Thin-flake content (wt%) >65 >85
Iron oxide content (wt%) >85 97.60
Oil absorption value (wt%) 13-19 18.20
Matter solubility in water (wt%) <0.5 0.40
Matter volatility at 105 °C (wt%) <0.5 0.46
pH of aqueous suspension 6-8 7.42

Residue on sieve (wt%) <5 (63 um); <0.1 (105 pm) 0
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Fig. 9 showed SEM and EDS images of MIO prepared in this study.
It was observed from Fig. 9 that the hexagonal flaky particles were
obtained, and Cr, Fe and O were evenly distributed.

To study the valence of Fe element in the MIO prepared in this study,
the XPS spectra of the Fe 2p regions were recorded. As shown in Fig. 10,
each 2ps,, and 2p,,, peaks for Fe can be split into two peaks by
Gaussian-Lorentzian curve fitting. The binding energies for Fe** 2ps ,
and 2p;,, were 711.0 and 724.1 eV, whereas those for Fe?™ 2ps/, and
2p12 were 708.1 and 721.4 eV, respectively. From the curve fitting,
the presence of Fe ions in the synthesized MIO was confirmed, and the
mole ratio of Fe3* to Fe?™ on the surface of MIO can reach ~2.12,
which was slightly higher than the mole ratio of Fe>* to Fe?" in
Fe304. The chemical analysis results of oxides of iron in the MIO
prepared in this study were shown in Table 4. It can be calculated that
the content of Fe* and Fe? " were 68.45% and 0.93%, respectively. The
presence of a small amount of Fe?™ in synthesized MIO may be due to
the incomplete oxidation of the acid leaching solution.

Under the optimal parameters, MIO pigments prepared from ICGW
were evaluated according to ISO 10601-2007 (the international
standards of MIO pigments for paints), and the results were shown
in Table 5. The synthesized MIO met the first rank criterion of ISO
10601-2007.

3.4. Formation mechanism of MIO from iron chromium hydroxide
precursors

According to the previous studies [32-34], evolution from ferric hy-
droxide precursor can be divided into two stages: the iron hydroxide

precursors first generate FeOOH, then FeOOH dissolves and generates
«o-Fe,0s. The reactions can be expressed as follows:

Fe(OH), —FeOOH -+ H,0 (5)

2Fe00H — o — Fe, 05 + H,0 (6)

Based on these studies, the mechanism of evolution from
iron chromium hydroxide precursors to MIO by the hydrothermal

Iron-chromium hydroxide precursors

reaction was investigated in this study. Fig. 11 illustrates possible
formation mechanism of MIO.

The formation of MIO from iron chromium hydroxide precursors can
be broadly divided into three principal steps: dissolution of chromic
hydroxide, chromium substituted goethite formation and chromium
substituted hematite formation. In the initial stage of hydrothermal
reaction, chromic hydroxide was dissolved. The reaction of this process
can be expressed as:

Cr(OH); + NaOH —NaCr0, + 2H,0 (7)

Then, when transformation from ferric hydroxide to goethite phase
occurred, the presence of CrO; ions promoted iron substitution by
chromium in the crystal structure of generated goethite, which was
consistent with Krehula's results [36]. This period was considered to
be the formation of chromium substituted goethite. Under appropriate
hydrothermal conditions, a-Fe,O3 nuclei grew by the deposition
of the solute with the dissolution of chromium substituted goethite.
Meanwhile, the presence of CrO3 ions in the hydrothermal system
promoted iron substitution by chromium in the crystal structure of
«a-Fe,0s3. This period was considered to be the formation of chromium
substituted hematite. Therefore, for the preparation of MIO from
iron chromium hydroxide precursors, it was the key to ensure goethite
transformation without destroying nascent MIO crystals.

Based on the above discussions, the Cr** concentration in the
iron chromium hydroxide precursors has a great influence on the
formation of MIO. The increasing Cr>* concentration in the precursor
can result in more CrO5 ions produced in the initial period of hydrother-
mal reaction. Accordingly, in the chromium substituted goethite forma-
tion period, the substitution amount of Cr in goethite will change. The
changes in the first two periods will eventually affect the formation of
chromium substituted hematite. Except for Cr>*, Fe?™ concentration
in the iron chromium hydroxide precursors may also have some influ-
ence on the formation of MIO. Studies have shown that Fe?* in ferric
hydroxide precursor can accelerate the transformation of Fe(OH)3; and
promote the formation of hematite particles [22]. In view of this, in
this study, the presence of a small amount of Fe?>* in the iron chromium
hydroxide precursors may be beneficial to the formation of MIO.

MIO powders
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Fig. 11. Possible formation mechanism of MIO from iron chromium hydroxide precursors.
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4. Conclusions

Using iron chromium hydroxide precursors obtained from the wet
treatment of ICGW as raw materials, MIO pigments were successfully
prepared via hydrothermal method. Synthesized MIO powders have
high purity (97.6%), even distribution of sizes (~15 pm) and uniform
flake. Quality test results showed that synthesized MIO met the first
rank criterion of ISO 10601-2007 (the standards of MIO pigments for
paints). For the preparation of MIO from iron chromium hydroxide
precursors, it was the key to adjust the hydrothermal reaction condi-
tions to ensure goethite transformation without destroying nascent
MIO crystals.
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