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Abstract: This article presents a two-step method of iron red synthesis based on waste long-term
deposited iron(Il) sulfate. The first step is the purification of waste iron sulfate, and then the pigment is
synthesized by precipitation using a microwave reactor. The newly developed method of purification
allows for quick and thorough purification of iron salt. The use of a microwave reactor in the synthesis
of iron red makes it possible to reduce the temperature of the goethite-hematite phase transition from
500 °C to 170 °C and skip the calcination process. A temperature reduction in the synthesis decreases
the formation of agglomerates of synthesized materials compared to commercial ones. The results of
the research showed a change in the physicochemical properties of the obtained pigments depending
on the conditions of synthesis. Waste iron(Il) sulfate is a promising raw material for the synthesis
of iron red pigments. Laboratory pigments are found to be differ from commercial pigments. The
difference in properties speaks in favor of synthesized materials.
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1. Introduction

As far as iron pigment manufacturing is concerned, precipitation and Penniman Zoph
processes are the most commonly used procedures [1]. Using either process, there can be
pigments produced with a wide range of colors that are associated with iron oxides and
oxide-hydroxides. In this way, with minor process modifications, yellow, orange, red, and
black pigments can be synthesized.

The main raw material that is used in both a precipitation and the Penniman—Zoph
process is iron(Il) sulfate. It is also relevant to note that the Penniman—Zoph procedure also
takes into account the use of waste sulfate, e.g., from the production of TiO, or from steel
etching [2]. It is critical for this raw material, however, to be relatively fresh, nonoxidized,
and free of any colored metal add-ons such as chromium or manganese compounds. The
presence of additional colored oxides has a negative effect on the color of the pigment.

A natural development of the existing technologies [1,3] is to use chemical waste and
check whether the obtained products are different from those made from pure raw materials.
Chemical waste that can be used for the synthesis of iron pigments in accordance with the
concept of “waste to materials” is increasingly being sought. The publication [4] uses iron
sand from Dlodo beach in Tulungangung on the island of Java to obtain yellow and red
pigments. The authors of the publication [5] derived coke from bituminous shale for the
synthesis of hybrid red iron pigments. Waste from the production of stainless steel was
repurposed by the authors of the article [6]. They used oily mill scale, which is a byproduct
of hot rolling steel. The authors of [7,8] investigated the hydrochemical conversion of
goethite (FeOOH) to magnetite (Fe3O;) in high-iron Bauxite residue. The iron-rich residues
can be used in the steel industry or as a pigment. In the Chinese patents [9,10], the
method for obtaining iron pigments from waste iron sulfate was developed. However, the
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synthesized pigments were obtained by calcining the resulting suspensions at 600-750 °C.
The authors of [11] used cans from condensed milk to obtain iron(II) sulfate and then red
pigments based on hematite. In addition, an interesting developing field is transparent
iron pigments. They can be used for coloring packaging or impregnations for wooden
surfaces—the carrier medium acquires the color of a given pigment while remaining
transparent [12-17].

In the Polish patent [18], the method for obtaining sulfur dioxide from iron(II) sulfate
heptahydrate can be applied instead of the current method of burning elemental sulfur to
obtain sulfur dioxide in the production of sulfuric acid. Another potential use for waste iron
sulfate is in battery technology. There have been a number of methods developed [19-21] for
the production of LiFePO, which can be used as a cathode material in lithium-ion batteries.
Iron(Il) sulfate is also used in water purification [22-24] or chromium(VI) reduction in
cement [25,26]. However, the salt must be stripped of most impurities.

As of now, several technologies have been developed that make use of waste iron
sulfate. However, they rely on green salt, which is relatively fresh salt, not oxidized. The
aim of the research was to investigate the possibility of the synthesis of red iron pigments
based on waste iron(Il) sulfate (waste FeSO4) from the production of titanium dioxide using
the sulfate method at Grupa Azoty Zaklady Chemiczne “POLICE” S.A. (GA POLICE),
which was deposited in the years 1976-2012 in a landfill. The waste FeSO4 landfill covers an
area of approximately 43 ha, with over 4 million tons of waste accumulated. Waste FeSOy
is separated at the stage of crystallization in the form of the so-called green salt, which, in
addition to iron ions, also contains ions of other metals such as aluminum, manganese,
chromium, and nickel. Due to a number of pollutants in the collected waste FeSOy, salt
cannot be used and is a large environmental problem. Waste FeSOj is deposited in an open
area, so it is exposed to the effects of weather conditions, mainly rainfall. Acid leachate
from the landfill can contaminate groundwater and reduce the diversity of flora and fauna
within a few kilometers of the landfill.

This study developed a new purification method for waste FeSO,, and then a method
for synthesizing red iron pigments using purified FeSO,4. The optimal synthesis conditions
for red iron pigments were explored in preliminary research [27,28]. By managing the
landfill through the use of waste FeSOy, iron pigments can be produced, thereby restoring
the environmental diversity of the area and making a significant contribution to the Sus-
tainable Development Goals (Goals 9 and 12) [29], improving the environmental image of
the company and meeting the growing demand for iron pigments.

2. Materials and Methods
2.1. Materials

Waste FeSO4 from GA POLICE was used to obtain iron oxides subjected to the purifi-
cation process. Reagent-purity substances were also used: 10 wt% sulfuric acid (Chempur,
Piekary Slaskie, Poland), 25 wt% ammonia water (Chempur, Piekary Slaskie, Poland), and
30 wt% hydrogen peroxide (Chempur, Piekary Slaskie, Poland). To compare the properties
of the materials obtained, commercial pigments from four different manufacturers were
also tested (Boruta Zachem, Bydgoszcz, Poland; Chempro, Biatystok, Poland; Precheza,
Pterov, Czech Republic; Edan, Krakéw, Poland).

2.2. Purification of Waste FeSOy

The preparation of iron pigments from waste FeSO, requires prior purification of
insoluble components and doped metal ions. The work uses a developed method of
purifying waste FeSO, by recrystallization [30].

For purification, a saturated waste FeSOy solution in 10% sulfuric acid was prepared.
A total of 130 g of waste FeSO, was weighed and dissolved in 400 mL of 10% sulfuric acid
in room temperature. The solution was centrifuged (1500 rpm, 15 min) (MPW-352, MPW
MED. INSTRUMENTS, Warsaw, Poland), separating the solids from the filtrate. The filtrate
was concentrated at 70 °C to about half the original volume. The thus-concentrated solution
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was crystallized by cooling (5 °C), and the crystals of purified FeSO4 were separated from
the filtrate. The performed process is illustrated in the schematic diagram in Figure 1.

waste FeSQ,  sulfuric acid
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Figure 1. Scheme of the waste FeSO, purification process.

2.3. Preparation of Iron Pigments

The effect of the concentration of starting solutions on the synthesis of iron pigments
was investigated. For this purpose, salt solutions with concentrations of 10, 14, 21, and
28 wt% of purified FeSO4 were prepared. Accordingly, the names of the synthesized
pigment samples were introduced: CZ 10%, CZ 14%, CZ 21%, and CZ 28%.

First, the assumed amounts of purified FeSO4-7H,0 (7.5 g; 10 g; 15 g; 20 g) were
stirred at room temperature until they formed a transparent solution in aqua (~15 mL). For
the oxidation, stoichiometric amounts of hydrogen peroxide (30 wt%) were used (1).

2FeSO,4 + H,O, + HySO4 — Fep (804)3 + 2H,0 1

Then, to precipitate the iron hydroxide, 25 wt% ammonia water was added in stoichio-
metric amounts (2).

Fe, (504)3 + 6NH3-H,O — ZFG(OH)3 { +3(NH4)ZSO4 2)

Suspension was then transferred into a Teflon container, filled with water to a volume
of 70 mL (Teflon container volume 100 mL), and placed in the microwave reactor (Ertec
Magnum II) where the reaction was carried out for one hour at a pressure range of 17-20 bar
and a temperature of 170 °C. At the end of the period, the resulting suspensions were
washed with water and dried at 105 °C for 4 h.

2.4. Analytical Methods

The chemical composition of waste and purified FeSO, was determined by quantita-
tive analysis with the ICP-OES method (Perkin Elmer Avio 500, Waltham, MA, USA). The
content of Fe(Il) and Fe(Ill) was quantified by manganometric titration [31]. The amount of
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waste for testing was secured according to PN-EN 1482-1:2008 and PN-EN 1482-3:2016-09.
XRD patterns were collected with an X-ray diffractometer (Empyrean, Malvern Panalytical,
Malvern, UK) equipped with a Cu—K« radiation source (Nickel filter; A = 0.15418 nm, 40 kV,
35 mA). Scans were taken at room temperature in scattering 26 range of 10-100° with a
step interval of about 0.026°. Phase composition was determined using Panalytical X'Pert
HighScore Plus v3.0 software with the ICDD PDF4+ database. Fourier transform infrared
spectroscopy (FTIR) spectra of the sample were measured in a range of 4000-400 cm ™!
on a Nicolet 380 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) and the
sample was mixed with KBr at a ratio of 1:100 and then compressed into tablets. The
surface composition of pigments was analyzed with X-ray photoelectron spectroscopy
(XPS). The photoelectron measurements were conducted with Mg Ka (hv = 1253.6 eV)
radiation in a Prevac system equipped with Scienta SES 2002 electron energy analyzer
operating at constant transmission energy (Ep = 50 eV). The pressure in the analysis cham-
ber was kept under 1-10~? mbar. The specific surface area of pigments was determined
by the Brunauer—-Emmett-Teller (BET) method using the Quadrasorb Evo Quantachrome
Instruments nitrogen adsorption apparatus. A sample was degassed at 100 °C under a
high vacuum for 16 h. Dynamic light scattering measurements (DLS) were carried out on
the Horiba LA 950 Laser Diffraction Particle Size Analyzer. A sample was dispersed in
50 mL of 0.1% sodium pyrophosphate solution. Then, the solution was sonicated in an
ultrasonic cleaner for 2 min. The prepared dispersion was loaded into the analyzer. In
the measurements, a reflectance coefficient of 2.90 was used, and sonication was turned
on. The surface morphology of samples was observed with an emission scanning electron
microscope VEGA 3 (TESCAN, Brno, Czech Republic). A sample was dispersed in iso-
propyl alcohol, and 2 pL were placed on silicon wafers and evaporated. Oil absorption was
determined according to the PN-EN ISO 787-5:1999 standard.

3. Results and Discussion

Table 1 presents the chemical composition of the salt, determined by the ICP-OES
method. The content of iron ions was determined by manganometric titration. Besides
iron(IT) and(IM) ions, the waste FeSO, contained admixtures of other metals in the form of
ions such as titanium, magnesium, calcium, potassium, sodium, manganese, and others.

Table 1. Content of elements in waste and purified FeSOy.

Fe?* Y Fe Mg Ti Ca K Mn Zn Ni Cr
(Wt%) (ppm)
Waste FeSO, 9.2 @ 17.9 @ 5.97 11,544 1322 718 513 404 392 <dl ®
Purified FeSOy 142 @ 16.2 @) 0.68 20 347 64 189 205 38 <d1 ®

@ The content of iron ions was determined by manganometric titration; ® detection limit.

The content of a significant part of Fe3* ions (8.7 + —0.2 wt%) proves that the Fe?*
ions contained in the waste FeSQOy, as a result of long-term storage, were oxidized by
atmospheric air. In addition, high levels of magnesium and titanium indicate residues of
undecomposed titanium ore. The purification process allowed for a decrease in the content
of elements such as Mg, Ca, Na, Zn, and Ti. Recrystallization also increased the content of
Fe?* ions in a sample, which is also a positive effect of this process. During the removal of
impurities, iron ions are also removed to a small extent. The iron losses are insignificant
considering how low the contaminants level achieved after purification is.

Figure 2 shows the diffractograms of (a) waste FeSO, and (b) purified FeSO4. Two phases
of iron(II) sulfate heptahydrate (ICDD No.: 04-010-4265) and iron(III) hydroxide sulfate pen-
tahydrate (ICDD No.: 00-016-0935) were identified in the waste material, which is marked
in the diffraction pattern. As a result of the recrystallization process, a salt was obtained
in which one crystalline phase was identified, derived from iron(Il) sulfate heptahydrate
(ICDD No.: 04-010-4265).
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Figure 2. XRPD pattern of (a) waste FeSOy, (b) purified FeSOy,.

So far, attempts have been made to develop a method for treating waste long-deposited
iron(II) sulfate. However, these methods either use fresh salt with low amounts of impuri-
ties and Fe3* [32] or rely on complex chemical reactions, taking into account redox reactions
or impurity precipitation [33,34]. These methods are much more complicated compared to
the method described in the article.

3.1. Iron Pigment Characterization
3.1.1. XRD

Figure 3 shows X-ray powder diffraction (XRPD) diffractograms of the laboratory pigments.
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Figure 3. XRPD pattern of laboratory pigment samples: (a) CZ 10%, (b) CZ 21%, (c) CZ 28%, (d) CZ
14%. Red lines mark the remnants of geothite.

As can be seen, the samples consist of hematite (ICDD No.: 00-024-0072). Samples
contain, in addition to partially crystallized compounds, a significant amount of the amor-
phous phase. The broad bases of the reflection (110) suggest that hematite was formed by
dehydration of goethite [35]. Red lines indicate places where goethite remnants can be seen
in the diffraction pattern (ICDD No.: 01-073-8431).

Figure 4 shows the diffraction patterns of commercial pigments and the pigment
CZ 14%.
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Figure 4. XRPD pattern of iron pigment samples: (a) Commercial pigment A, (b) Commercial
pigment B, (¢) Commercial pigment C, (d) Commercial pigment D, (e) CZ 14%. Green lines mark the
content of SiO; phase.
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The diffraction patterns of commercial pigments show reflections characteristic of
the hematite phase (ICDD No.: 00-024-0072). In addition to hematite, the reflections
characteristic of silica (green lines) (ICDD No.: 01-080-2148) are visible in the Commercial
pigment C diffraction pattern.

3.1.2. FT-IR

On the obtained FT-IR spectra (Figure 5) can be observed a band of vibrations typical of
iron oxides from the Fe—O bond A [11,36-38] at positions of about 480 cm 1 and 560 cm 1.
The next characteristic bands appear at positions 800 cm !, 900-990 cm !, and 1450 cm !
and they correspond to the vibrations typical of the O-H bond B [11,36]. The band C is
characteristic of the bending vibrations of the O-H groups [11,37]. The last, wide band with
a maximum at the position of about 3400 cm~! is representative of the water absorbed on
the sample surface, and more specifically for the stretching vibrations of the O-H groups
D [11,37-39]. According to the literature, the higher the crystallization of the materials, the
greater the shift of the characteristic bands that is observed [36].

100
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40 - 40 |
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Figure 5. FTIR spectra for (a) laboratory pigments; (b) commercial pigments. A-G are the functional
group designations.
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In commercial pigments, apart from the characteristic bands described earlier, in
one sample there are also other compounds. Thus, for the sample of Commercial pigment C,
at the values of about 750 cm ! and 1100 cm !, there is a band characteristic of the Si—-O
bond E [40]. Then, at the value of about 1530 cm ™!, vibrations originating from the Ca-O
bond F [41] occur, and at about 2500 cm~?, a low-intensity band G [42,43], originating from
CO,, appears. This indicates the presence, in addition to silica, of calcite (CaCOj3), which is
a fairly popular surface treatment agent.

3.1.3. XPS

The surface of CZ 14% pigment as well as those of Commercial pigments C and D were
analyzed by X-ray photoelectron spectroscopy (Figure 6). These tests showed that the
surfaces of all three materials contain predominantly oxygen atoms and iron atoms from
iron oxides, the main component of pigments. The only contamination on the surface of
the CZ 14% pigment is “adventitious carbon”, usually occurring on the surface of materials
prepared by wet synthesis. Analysis of the surface of Commercial pigment C confirms the
conclusions of diffractometric methods and FTIR analysis, i.e., traces of silicon and calcium
atoms, presumably from oxides of these metals, is observed on the surface. Traces of
chlorine were identified on the surface of Commercial pigment D.

OKLL —— Commercial pigment D
Fe 2p Commercial pigment C
Fe LMM CZ 14%

Cl2p Fe 3p

Si2p

Cis

5 I . I ! I : I " I ' I 3 I E 1

800 700 600 500 400 300 200 100 0
Binding energy [eV]

Figure 6. The survey XPS spectra of CZ 14% and Commercial pigments C and D.

A detailed analysis of the chemical state of iron in the three mentioned pigments was
also performed. The XPS spectrum of Fe 2p is shown in Figure 7. This analysis shows that
the chemical state of iron in all the analyzed pigments is identical, indicating the presence
of the same iron compounds. XPS analysis of complex iron—oxygen compounds often does
not allow a conclusive distinction of the chemical states of iron present in the material
under study. This is particularly difficult in the case of the presence of a mixture of iron
oxides. In the present study, by comparing the shape of the Fe 2p line envelope, it was
determined that the material most likely contains Fe3* iron ions [44].
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XPS Fe 2p

Commercial pigment D
Commercial pigment C

——CZ 14%

735 | 7éO | 755 | 72IO | 7‘;5 | 7';0 | 765
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Figure 7. The XPS Fe 2p spectra of CZ 14% and Commercial pigments C and D.
3.1.4. Determination of the Specific Surface by the BET Method

Figure 8 shows nitrogen adsorption and desorption isotherms for laboratory and
commercial pigments.

@ ,,. (b)
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Figure 8. Results obtained from BET analysis: (a) nitrogen adsorption isotherms of laboratory
pigments; (b) nitrogen adsorption isotherm of commercial pigments.

Laboratory pigments have an isothermal shape that corresponds to type V according
to the IUPAC classification [45,46]. This is a typical characteristic of mesoporous materials.
The hysteresis shape corresponds to the E type, i.e., spherically elongated or bottle-shaped
pores with open ends. The shape of the adsorption isotherms for commercial pigments
also corresponds to isotherms for mesoporous materials, but with a much lower adsorp-
tion capacity.

Synthesized pigments have up to 20 times greater specific surface area than com-
mercial pigments (Figure 9). The differences in results can be explained by the method
of sample synthesis—commercial pigments obtain their proper structure at the stage of
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high-temperature calcination [1,11,47]. The temperature of the goethite-hematite transfor-
mation is 450 °C, while during calcination the temperature is much higher and reaches over
600 °C. That difference promotes the sintering of the pigment and the disappearance of
the developed specific surface. In the literature [48,49], hematite obtained at a temperature
of 450 °C has a specific surface area in the range of 25-40 m? /g, which is 34 times larger
than the characterized commercial iron pigments. In the case of synthesized pigments, it is
visible that the higher the amorphous phase content in the samples, the higher the specific
surface area of the material. Sample CZ 14%, containing well-crystallized hematite, shows
a value of the specific surface area close to the value in the literature [48,49].

250
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Figure 9. BET surface area of laboratory and commercial pigments.

As per the definition proposed by the European Commission [50], all obtained
laboratory materials that have a surface area of more than 60 m?/cm? can be consid-
ered “nanomaterials”.

3.1.5. DLS

Figure 10 shows the particle size distribution for laboratory and commercial pigments.
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Figure 10. Pigment size distribution analysis by dynamic light scattering of (a) laboratory and
(b) commercial materials.

Most of the commercial pigments presented here have a wide particle size distribution.
In Commercial pigment A and Commercial pigment C samples, the majority of the particles
are in the range of 0-500 nm with a small proportion (<10%) of larger particles. The rest
of the commercial pigments show primarily particles in the 2-9 um range, with a small
proportion (<10%) of particles smaller than 2 pm or larger than 9 um. Due to the sonication
of the suspension during the measurements, particle sedimentation can be excluded [11,51].



Materials 2023, 16, 3242

10 0f 13

In the case of laboratory pigments, the obtained materials were mostly characterized
by a particle distribution in the range of 0.1-1 pm. The CZ 14% and CZ 10% samples had
the highest proportion of particles in the 100-500 nm range; the proportion of particles of
this size in these samples was circa 90%.

3.1.6. Pigment Observation on SEM
Figure 11 shows SEM photos.

Figure 11. SEM images of iron pigments (SEM HV: 30 kV; SEM MAG: 30 kx): (a) CZ 14%, (b) CZ 28%,
(c) Commercial pigment A.

Laboratory pigments do not show such strong agglomeration. In the case of the CZ
14% sample, the photos show individual plates about 300 nm in size, which is consistent
with the results of the DLS analysis. Several aggregates of particles are also observed. In
the case of the CZ 28% sample, the pigment structure is not as distinguishable as in the case
of the CZ 14% sample. The photos show agglomerates of particles. Blue particles are single
particles up to 500 nm in size. Agglomerates of particles > 500 nm with single particles
highlighted are green. Orange granules are individual particles forming agglomerates with
a size of 100-600 nm. Pink particles are aggregates of particles < 2pum with indistinguishable
single particles. Particles are irregular with spherical shape [11].

3.1.7. Oil Absorption

According to the technical sheets that were obtained regarding the product, each of
the commercial pigments should have an oil absorption of a maximum of 35 g/100 g (rl)
based on the product technical sheets. All of the values for the commercial pigments exceed
10 to 30 percent of the reference values (Figure 12). For laboratory materials, pigments
synthesized at low concentrations are characterized by lower values of the oil absorption
than pigments synthesized at a concentration > 20 wt%.

50
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Laboratory pigments

40
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1 1

Oil absorption [wt/100wt]
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Figure 12. Oil absorption for laboratory and commercial pigments (rl—reference level).
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4. Conclusions

This study developed a purification method for waste FeSO4, and then a method for
synthesizing red iron pigments using purified FeSO4. Results of the study indicate that
recrystallization is an effective method of purifying waste long-term storage iron(Il) sulfate,
allowing the iron(Il) content to increase while reducing the impurities—especially coloring
compounds, which affect the pigment color (Mn compounds). In addition, the developed
purification method does not require complicated equipment or many chemical reagents.

XRD measurements of the pigment samples from different concentrations confirm
that the prepared nanoparticles consist mostly of hematite phase, also supported by FTIR
results. Results showed that the pigment synthesized from a solution of 14% iron salt had
the most crystallized hematite when compared to other pigments. This may be related
to the suspension:total reactor volume ratio and the fact that the growth of hematite
crystals is controlled only by kinetic factors. In the coprecipitation process, two stages are
involved: a short burst of nucleation occurs when the concentration of the species reaches
critical supersaturation, and then there is a slow growth of crystals [52,53]. The optimal
concentration of iron sulfate based on research can be 10-20% (49-92 mM) with an optimum
of 14 wt% (66 mM).

In addition, synthesis using the microwave reactor is reproducible. Laboratory pig-
ments do not show strong agglomeration. The CZ 14% sample shows individual plates
about 300 nm in size, while the CZ 28% sample shows agglomerates of particles. The SEM
study found that laboratory pigment particles aggregate less than commercial pigments. In
addition, synthesized pigments have some irregular spherical shapes. High surface area
(>60 m2/g) of the nanoparticles synthesized with mesoporous structure was performed by
BET. In addition, the XRD and XPS analyses revealed the purity of the hematite nanoparti-
cles. The oil absorption of most pigments synthesized in the laboratory was in the range of
23-39 g/100 g of pigment and was in the range declared for commercial pigments (max.
35g/100 g).

Based on the obtained findings, it can be concluded that waste long-term storage
iron(Il) sulfate is a potential raw material for the production of iron pigments. On this
basis, pigments are obtained with physicochemical properties comparable to commercially
available pigments, and their suggested use is in the dyeing industry.

Author Contributions: Conceptualization, K.S.; methodology, K.S.; validation, K.S., D.M. and Z.L.-B.;
investigation, K.S.; data curation, K.S.; writing—original draft preparation, K.S. and D.M.; writing—
review and editing, Z.L.-B.; visualization, K.S. and D.M.; supervision, Z.L.-B.; funding acquisition,
K.S. All authors have read and agreed to the published version of the manuscript.

Funding: Part of the research was carried out under the “Najlepsi z Najlepszych 4.0” grant (MEiN/
2021/182/DIR/NN4) under the Ministry of Education and Science Republic of Poland and Knowl-
edge Education Development Operational Program Co-financed by the European Social Fund.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Krzeslak, A.; Hoffmann, J.; Zieliriski, S. Wytyczne dla Branzy Chemicznej w Polsce; Najlepsze Dostepne Techniki (BAT): Warsaw,

Poland, 2005.

2. Krockert, B.; Printzen, H.; Ganter, K.-W.; Buxbaum, G. Process for the Production of Iron Oxide Yellow Pigments. US5032180A,

25 May 1989.

3.  Okonkwo, C; Evans, U.E; Ekung, S. Unearthing direct and indirect material waste-related factors underpinning cost overruns in
construction projects. Int. J. Constr. Manag. 2022. [CrossRef]


https://doi.org/10.1080/15623599.2022.2052431

Materials 2023, 16, 3242 12 of 13

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

Mufti, N.; Atma, T.; Fuad, A.; Sutadji, E. Synthesis and characterization of black, red and yellow nanoparticles pigments from the
iron sand. AIP Conf. Proc. 2014, 1617, 4897129.

Lu, Y,; Xu, J.; Wang, W.; Wang, T.; Zong, L.; Wang, A. Synthesis of iron red hybrid pigments from oil shale semi-coke waste.
Adv. Powder Technol. 2020, 31, 2179-2586. [CrossRef]

Varvara, D.A.; Aciu, C.; Pica, EM.; Sava, C. Research on the Chemical Characterization of the Oily Mill Scale for Natural
Resources Conservation. Procedia Eng. 2017, 181, 439-443. [CrossRef]

Shoppert, A.; Valeev, D.; Diallo, M.M.; Loginova, L; Beavogui, M.C.; Rakhmonov, A.; Ovchenkov, Y.; Pankratov, D. High-Iron
Bauxite Residue (Red Mud) Valorization Using Hydrochemical Conversion of Goethite to Magnetite. Materials 2022, 15, 8423.
[CrossRef]

Swain, B.; Akcil, A.; Lee, ].C. Red mud valorization an industrial waste circular economy challenge; review over processes and
their chemistry. Crit. Rev. Environ. Sci. Technol. 2022, 52, 520-570. [CrossRef]

Wei, H.; Zhongyuan, Z.; Junkui, L.; Qingxiang, F. Method for Producing Pigment-Level Iron Oxide Red by Using Titanium
Dioxide Waste Residue Ferrous Sulfate. CN102583575A, 20 March 2012.

Zuosheng, Y.; Wenbin, Y,; Jian, P; Yu, Q; Zili, L.; Juan, D.; Yinchu, C.; Guohua, Z. Method for Preparing Iron Oxide Black Pigment
by Utilizing Titanium Dioxide Waste Acid Ferrous Sulphate. CN1020203194, 7 January 2011.

Khanam, J.; Hasan, R.; Biswas, B.; Jahan, S.; Sharmin, N.; Ahmed, S.; Al-Reza, S. Development of ceramic grade red iron oxide
pigment from waste iron source. Heliyon 2023, 9, e12854. [CrossRef]

Pfaff, G. Transparent pigments. Phys. Sci. Rev. 2021, 6, 549-555. [CrossRef]

Esfahani, M.; Eshaghi, A.; Bakhshi, S.J. Transparent hydrophobic, self-cleaning, anti-icing and anti-dust nano-structured silica
based thin film on cover glass solar cell. Non-Cryst. Solids 2022, 583. [CrossRef]

Sayyed, M.L; Abdo, M. A ; Elhosiny Ali, H.; Sadeq, M.S. Impact of Y203 on the structural, optical, radiation shielding, and
ligand field parameters of transparent borate glass containing constant CrO3 and high Na2O contents. Ceram. Int. 2022, 48, 17.
[CrossRef]

Cai, L.; Peng, Y; Xu, J.; Zhou, C.; Zhou, C.; Wu, P; Lin, D,; Fan, S.; Cui, Y. Temperature Regulation in Colored Infrared-Transparent
Polyethylene Textiles. Joule 2019, 3, 1478-1486. [CrossRef]

Pitzer, U. Highly Transparent Red Iron Oxide Pigments, Process for the Production Thereof and Use Thereof. USOO5614012A,
20 September 1995.

Lu, J.; Ng, M.; Yang, S. US20080181843A1, 2008.

Kalinowski, Z.; Folek, S.; Jedrzejowska, I. Urzadzenie Zasilajace Przedzarki Bezwrzecionowej. PL160665, 8 September 1993.
Wang, G.X,; Bewlay, S.; Needham, S.A.; Liu, HK.; Liu, R.S.; Drozd, V.A,; Lee, ].-F.; Chen, ].M. The Electrochemical Society,
find out more Synthesis and Characterization of LiFePO4 and LiuTi0.01Fe0.99PO4 Cathode Materials. . Electrochem. Soc. 2006,
153, A25. [CrossRef]

Nakamura, T.; Sakumoto, K.; Okamoto, M.; Seki, S.; Kobayashi, Y.; Takeuchi, T.; Tabuchi, M.; Yamada, Y.J. Electrochemical study
on Mn2+-substitution in LiFePO4 olivine compound. Power Sources 2007, 174, 435. [CrossRef]

Tajimi, S.; Ikeda, Y.; Uematsu, K.; Toda, K.; Sato, M. Enhanced electrochemical performance of LiFePO4 prepared by hydrothermal
reaction. Solid State Ion. 2004, 175, 287-290. [CrossRef]

Cassol, G.S.; Shang, C.; Li, J.; Ling, L.; Yang, X.; Yin, R.J. Dosing low-level ferrous iron in coagulation enhances the removal of
micropollutants, chlorite and chlorate during advanced water treatment. Environ. Sci. 2022, 117, 119-128. [CrossRef]

Hussain, T.; Wahab, A J. A critical review of the current water conservation practices in textile wet processing. Clean Prod. 2018,
198, 806-819. [CrossRef]

Luo, X,; Liang, C.; Hu, Y. Comparison of Different Enhanced Coagulation Methods for Azo Dye Removal from Wastewater.
Sustainability 2019, 11, 4760. [CrossRef]

Sharma, D.K.; Sharma, R. Effect of FeSO4.7H20 and SnCI2.2H20 added as chromium (VI) reducers in ordinary Portland cement.
Orient. J. Chem. 2019, 31, 519-526. [CrossRef]

Wang, Y.; Wang, Z.; Jiang, L.; Sun, Y.; Tan, B.; Niu, ].J. Effect of ferrous sulfate replacing gypsum on properties and reducing Cr(VI)
of cement paste. Build. Eng. 2023, 69, 106295. [CrossRef]

Splinter, K. Preparation of Iron Pigments Based on Waste Iron(II) Sulfate. Bachelor’s Thesis, West Pomeranian University of
Technology in Szczecin, Szczecin, Poland, 2021.

Splinter, K. Synthesis and Characterization of Iron Oxides with Pigmentation Properties. Master’s Thesis, West Pomeranian
University of Technology in Szczecin, Szczecin, Poland, 2022.

UN General Assembly. Transforming Our World: The 2030 Agenda for Sustainable Development, A/RES/70/1. 21 October 2015.
Available online: https://www.refworld.org/docid /57b6e3e44.html (accessed on 29 March 2023).

Splinter, K.; Lendzion-Bielun, Z.; Wojciechowska, A. Method of Producing Iron Pigments. PL437851A1, 14 May 2021.
Manganometric Titration Procedure. Faculty of Chemistry, University of Wroctaw, Analytical Chemistry Dept., Manganometry.
p- 1. Available online: http://zd2.chem.uni.wroc.pl/files/chemistry /12A_ENG.pdf (accessed on 30 March 2023).
Konratowska, A. Otrzymywanie, Wlasciwosci I Zastosowanie Wybranych Tlenkéw I Hydroksytlenkéw Zelaza. Ph.D. Thesis,
West Pomeranian University of Technology in Szczecin, Szczecin, Poland, 2010.

Qianzhi, C.; Weiguo, L.; Xiaoging, S.; Ziqiang, S.; Zhenwen, T. Titanium Removal Method for Titanium White Byproduct Ferrous
Sulfate. CN101767837A, 20 January 2010.


https://doi.org/10.1016/j.apt.2020.03.020
https://doi.org/10.1016/j.proeng.2017.02.413
https://doi.org/10.3390/ma15238423
https://doi.org/10.1080/10643389.2020.1829898
https://doi.org/10.1016/j.heliyon.2023.e12854
https://doi.org/10.1515/psr-2020-0200
https://doi.org/10.1016/j.jnoncrysol.2022.121479
https://doi.org/10.1016/j.ceramint.2022.04.008
https://doi.org/10.1016/j.joule.2019.03.015
https://doi.org/10.1149/1.2128766
https://doi.org/10.1016/j.jpowsour.2007.06.191
https://doi.org/10.1016/j.ssi.2003.12.033
https://doi.org/10.1016/j.jes.2022.03.022
https://doi.org/10.1016/j.jclepro.2018.07.051
https://doi.org/10.3390/su11174760
https://doi.org/10.13005/ojc/310164
https://doi.org/10.1016/j.jobe.2023.106295
https://www.refworld.org/docid/57b6e3e44.html
http://zd2.chem.uni.wroc.pl/files/chemistry/12A_ENG.pdf

Materials 2023, 16, 3242 13 of 13

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Sayuri, T.; Kenzo, H. Purification of Iron Sulfate. JP3690690B2, 31 August 2005.

Wolska, E.; Schwertmann, U.Z. Nonstoichiometric structures during dehydroxylation of goethite. Fiir Krist.-Cryst. Mater. 1989,
189, 1.

Anju Agarwal, A.; Aghamkar, P; Lal, B.J. Structural and multiferroic properties of barium substituted bismuth ferrite nanocrystal-
lites prepared by sol-gel method. Magn. Magn. Mater. 2017, 426, 800-805. [CrossRef]

Chandel, S.; Thakur, P.; Tomar, M.; Gupta, V.; Thakur, A. Investigation of structural, optical, dielectric and magnetic studies of Mn
substituted BiFeO3 multiferroics. Ceram. Int. 2017, 43, 13750-13758. [CrossRef]

Hwang, S.W.; Umar, A.; Dar, G.N.; Kim, S.H.; Badran, R.I. Synthesis and Characterization of Iron Oxide Nanoparticles for Phenyl
Hydrazine Sensor Applications. Sens. Lett. 2014, 12, 97-101. [CrossRef]

Haaland, D.M.; Easterling, R.G. Application of New Least-squares Methods for the Quantitative Infrared Analysis of Multicom-
ponent Samples. Appl. Spectrosc. 1982, 36, 665-673. [CrossRef]

Rege, S.U.; Yang, R.T. A novel FTIR method for studying mixed gas adsorption at low concentrations: HyO and CO, on NaX
zeolite and y-alumina. Chem. Eng. Sci. 2001, 56, 3781-3796. [CrossRef]

Solomon, P.R.; Carangelo, R.M. FT-i.r. analysis of coal: 2. Aliphatic and aromatic hydrogen concentration. Fuel 1988, 67, 949-959.
[CrossRef]

Painter, P.; Starsinic, M.; Coleman, M. Fourier Transform Infrared Spectroscopy; Academic Press: Cambridge, CA, USA, 1985;
pp. 169-241.

Estep, P.A.; Kovach, ].J.; Karr, C. Quantitative infrared multicomponent determination of minerals occurring in coal. Anal. Chem.
1968, 40, 358-363. [CrossRef]

Grosvenor, A.P; Kobe, B.A.; Biesinger, M.C.; McIntyre, N.S. Investigation of multiplet splitting of Fe 2p XPS spectra and bonding
in iron compounds. Surf Interface Anal. 2004, 36, 1564-1574. [CrossRef]

IUPAC Recommendation. Pure and Applied Chemistry. 1985, Volume 57, p. 603. Available online: https://publications.iupac.
org/pac/57/4/0603/index.html (accessed on 20 March 2023).

TUPAC Recommendation. Pure and Applied Chemistry. 1994, Volume 66, p. 1739. Available online: https://publications.iupac.
org/pac/66/8/index.html (accessed on 20 March 2023).

Kamel, A.H.; Abdallah, A.M.; El-Baradie, H.Y. The effect of temperature on the properties of calcined red iron oxide pigments.
J. Appl. Chem. Biotech. 2007, 22, 1209-1215. [CrossRef]

Arbain, R.; Othman, M.; Palaniandy, S. Preparation of iron oxide nanoparticles by mechanical milling. Miner. Eng. 2011, 24, 1-9.
[CrossRef]

Jozwiak, W.; Kaczmarek, E.; Maniecki, T.; Ignaczak, W.; Maniukiewicz, W. Reduction behavior of iron oxides in hydrogen and
carbon monoxide atmospheres. Appl. Catal. 2007, 326, 17-27. [CrossRef]

European Commission Recommendation. 2011. 2011/696/UE. Available online: https:/ /eur-lex.europa.eu/legal-content/EN/
TXT/?uri=CELEX%3A32011H0696 (accessed on 20 March 2023).

Wani, Y.,; Kovakas, P.; Nikoubashman, A.; Howard, M.]. Diffusion and sedimentation in colloidal suspensions using multiparticle
collision dynamics with a discrete particle model. Chem. Phys. 2022, 156, 024901. [CrossRef]

Laurent, S.; Forge, D.; Port, M.; Roch, A.; Robic, C.; Vander Elst, L.; Muller, R. Magnetic iron oxide nanoparticles: Synthesis,
stabilization, vectorization, physicochemical characterizations, and biological applications. Chem. Rev. 2008, 108, 2064-2110.
[CrossRef] [PubMed]

Babes, L.; Denizot, B.; Tanguy, G.; Le Jeune, J.J.; Jallet, PJ. Synthesis of Iron Oxide Nanoparticles Used as MRI Contrast Agents: A
Parametric Study. Colloid Interface Sci. 1999, 212, 474. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jmmm.2016.09.103
https://doi.org/10.1016/j.ceramint.2017.07.088
https://doi.org/10.1166/sl.2014.3224
https://doi.org/10.1366/0003702824639114
https://doi.org/10.1016/S0009-2509(01)00095-1
https://doi.org/10.1016/0016-2361(88)90095-6
https://doi.org/10.1021/ac60258a006
https://doi.org/10.1002/sia.1984
https://publications.iupac.org/pac/57/4/0603/index.html
https://publications.iupac.org/pac/57/4/0603/index.html
https://publications.iupac.org/pac/66/8/index.html
https://publications.iupac.org/pac/66/8/index.html
https://doi.org/10.1002/jctb.5020221202
https://doi.org/10.1016/j.mineng.2010.08.025
https://doi.org/10.1016/j.apcata.2007.03.021
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32011H0696
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32011H0696
https://doi.org/10.1063/5.0075002
https://doi.org/10.1021/cr068445e
https://www.ncbi.nlm.nih.gov/pubmed/18543879
https://doi.org/10.1006/jcis.1998.6053
https://www.ncbi.nlm.nih.gov/pubmed/10092379

	Introduction 
	Materials and Methods 
	Materials 
	Purification of Waste FeSO4 
	Preparation of Iron Pigments 
	Analytical Methods 

	Results and Discussion 
	Iron Pigment Characterization 
	XRD 
	FT-IR 
	XPS 
	Determination of the Specific Surface by the BET Method 
	DLS 
	Pigment Observation on SEM 
	Oil Absorption 


	Conclusions 
	References

