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Abstract

The work presents a two-step method of iron red synthesis based on waste iron(ll) sulfate. The synthesis
was carried out using purified waste iron sulfate from titanium dioxide production. The study investigated
the influence of factors such as temperature, pressure, concentration of solutions and synthesis time on
the physicochemical properties of pigments. Obtained pigments were tested with instrumental analytical
methods, e.g. X-ray Diffraction or BET surface area analysis. The pigments were analyzed for color,
particle size as well as for oil number. The results of the research showed a change in the physicochemical
properties of the obtained pigments depending on the conditions of synthesis. It was shown that increasing
the synthesis time in most cases increased the degree of crystallization of hematite in the pigments.
High specific surface area, low agglomeration of pigments or low oil absorption were directly related to
the crystallinity of the pigments obtained. Laboratory pigments have been found to be different from
commercial pigments. The difference in properties speaks in favor of synthesized materials.
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1. INTRODUCTION

Iron pigments are probably the most well-known group of ma-
terials. They are non-toxic which makes them phenomenal to
be used in a variety of fields from coloring building materials
(Amiri et al., 2022; Fortufio-Morte et al., 2020; Gramm et
al., 2020; Pfaff, 2021), food and medicaments (Pfaff, 2022;
Sander, 2020; Sarkodie et al., 2019) to cosmetic pigments
(Pages et al., 2020; Pérez-Arantegui, 2021; Pfaff, 2021).
Their high chemical resistance as well as ease of synthesis
and low cost production allow for high-scale production (Lu
et al., 2020; Salgado Lopes et al., 2019; Siqueira-Silva et al.,
2019). In the iron pigment industry, the most common pro-
cesses are the precipitation and the Penniman Zoph process
(Krzeslak et al., 2005). Both of these processes can produce
pigments with a wide range of colors, characteristic of iron
oxides and oxyhydroxides. In this way, with minor process
modifications, it is possible to synthesize yellow, orange, red,
and black pigments.

Scientists also frequently address the topic of iron pigments
and synthesis parameters affecting the physicochemical prop-
erties of this materials. The most well-known parameter af-
fecting the properties of hematite is temperature. The au-
thors of the publication (Touazi et al., 2020) studied the
effect of calcination temperature on the properties of iron
pigments. Hematite was obtained by calcining FeEOOH at

temperatures of 200°C, 500°C and 900°C. The oxides ob-
tained at 200 and 500 °C were characterized by a “wire-like"
structure, while at 900°C highly crystallized hematite was
obtained. The material calcined at 900°C was also charac-
terized by much lower porosity, than the other materials. All
of the materials showed very high particle agglomeration with
major particle size in the range of 10-80 um.

Similar conclusions about the effect of temperature on the
properties of hematite were reached by the authors of sev-
eral other publications (Mariani et al., 2017; Sreeram et al.,
2006). In each of them, materials calcined at low temper-
atures (200-300°C) showed a highly amorphous structure
with a small proportion of hematite and also higher porosity
than those reported in the literature for hematite. At ma-
terials calcined at temperatures above 400°C, a significant
reduction in porosity was observed as well as a reduction in
the amount of amorphous phase. At the same time, the par-
ticles of pigments at high temperature were characterized by
small size (about 200-300 nm).

The effect of pressure has been demonstrated for reactions
with hydro- and solvo-thermal methods. The hydrothermal
method is based on a reaction between suitable reactants in
an aqueous environment. The reaction takes place under con-
ditions of increased temperature and pressure — for this rea-
son it is often carried out in autoclaves or microwave reactors.
Reagents can be dissolved in the medium or be in suspension
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form. The materials synthesized can be obtained by hydrol-
ysis or recrystallization of the reactants under hydrothermal
conditions. Advantages of the hydrothermal method include
the ability to control the growth of crystallites, which elim-
inates the phenomenon of agglomeration and formation of
heterogeneous crystals. By monitoring the reaction parame-
ters (time and temperature), pure and homogeneous prod-
ucts (Cornell et al., 1987; Diamandescu et al., 1996).

Majority of works addressed the hydrothermal method as its
application in the synthesis of hematite. It was shown that
the transition temperature of goethite (o-FeO(OH)) into
hematite (a-Fe;O3) is about 200 °C (Barb et al., 1990; Ben-
hammada et al., 2020). It was also proven that the conditions
of the process, such as pH, temperature, type of precipitating
agent, clearly affected the morphology and physicochemical
properties of the particles (Benhammada et al., 2020; Tadic
et al., 2019).

The use of a microwave reactor, which has the ability to carry
out a reaction under increased pressure, allows similar results
to be obtained at much lower than standard temperatures.
That is, if geothite under normal conditions transforms into
hematite at a temperature of about 500 °C, then using a mi-
crowave reactor and carrying out this transformation under
high pressure will allow us to lower the temperature of the
transformation to about 260°C (Benhammada et al., 2020;
Diamandescu et al., 1999). At the same time, the lower fu-
sion temperature favors the formation of particles of smaller
Size.

Undoubtedly, the use of microwave reactor synthesis, allows
very rapid and uniform heating of a given medium, increas-
ing the reaction rate and shortening its time (Splinter and
Lendzion-Bielun, 2021; Splinter et al., 2023). In addition,
the materials obtained with this method have high quality
(low agglomeration, higher chemical resistance) compared
to compounds obtained with other methods (Namboodiri
and Verma, 2001). The authors of the publication (Bense-
baa et al., 2004), however, point out the instability of mi-
crowave systems in terms of temperature. During the process,
the temperature varies depending on the microwave power —
thus, particles can be in different sizes.

Due to many variables affecting the synthesis of hematite, it
is difficult to choose one suitable synthesis method. However,
learning about the influence of certain parameters makes it
possible to find the optimal reaction conditions, depending
on what type of pigments are wanted to obtain.

However, our preliminary research showed that it is possi-
ble to reduce temperature of iron(lll) hydroxide-goethite-
hematite phase transition to temperature lower than 200°C
and obtain pigments with high-crystallized hematite phase.
In addition, iron red based on long-deposited waste iron(ll)
sulfate has different physicochemical properties in compari-
son to commercial pigments synthesized from pure reagents
(Splinter et al., 2023). Based on preliminary research, this

20of 9

www.czasopisma.pan.pl P N www.journals.pan.pl

Chem. Process Eng., 2023, 44(2), el2

study showed the influence of synthesis parameters for
physicochemical properties of iron pigments. Parameters cho-
sen in a microwave-based reaction are: pressure, time of re-
action and iron salt solutions concentration.

2. EXPERIMENTAL

2.1. Materials

Waste FeSO, from Grupa Azoty Zaktady Chemiczne Po-
lice was used. Salt was long-deposited 1972-2012 and con-
tains many impurities. The main contaminants are titanium,
manganese and light metal ions. Waste iron sulfate is also
an oxidized salt and contains a significant amount of Fe3*
ions (> 9%). The method described in the publications and
patent (Splinter and Lendzion-Bielun, 2021; Splinter et al.,
2021; 2023) was used to purify the salt. The purified salt was
the reagent for the synthesis of iron pigments.

Reagent purity substances were also used: 25 wt% ammonia
water (Chempur, Poland), and 30 wt% hydrogen peroxide
(Chempur, Poland).

2.2. Preparation of 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 and 14 wt% of pu-
rified FeSO,4 were prepared. Then two concentrations were
chosen based on preliminary research (Splinter, 2021; 2022;
Splinter et al., 2023).

First, the assumed amounts of purified FeSO,4 (7.5 g or 10 g)
were stirred at room temperature until they formed a trans-
parent light-green solution in aqua (~ 15 ml). For the oxida-
tion, stoichiometric amounts of hydrogen peroxide (30 wt%)
were used (1).

2FeSO4 + HyOy + HySO4 — Fez(SO4)3 + 2H,0 (1)

Then, to precipitate iron(lll) hydroxide, 25 wt% ammonia
water was added until pH = 10.25 (2).

Fez(SO4)3+6NH3-HyO — 2Fe(OH)3 | +3(NH4)2504 (2)

Suspension was then transferred into a Teflon container, filled
with water to a volume of 70 ml, and placed in the mi-
crowave reactor (Ertec Magnum Il). As the study focused
on the effects of various synthesis factors on the properties
of pigments, the reaction time ranged from 1 to 3 hours and
the set pressure in ranges of 7-10 or 17-20 bar in a tem-
perature of 170°C. Due to the use of a microwave reactor,
minimum and maximum pressure settings are required. The
difference of 3 bar is the minimum difference of pressure to
ensure proper operation of the reactor. At the end of the
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stage, the obtained suspensions were washed with water and
dried at 105°C for 4 hours.

In order to distinguish between samples, names were intro-
duced according to the example: CZ14% 10B 1h, meaning
that the sample was synthesized from a concentration of
14 wt%, for one hour at a pressure in the 7-10 bar range.

3. RESULTS AND DISCUSSION

3.1. X-Ray powder diffraction analysis

XRPD patterns were collected with an X-ray diffractometer
(Empyrean, Malvern Panalytical, Malvern, United Kingdom)
equipped with a Cu-Ka radiation source (40 kV, 35 mA).
Scans were taken at room temperature in scattering 260 range
of 10-100° with a step interval of about 0.026 °. Phase com-
position was determined using Panalytical X'Pert HighScore
Plus v3.0 software with the ICDD PDF4+ database.

Figure 1 and 2 show diffractograms of pigments synthesized
in pressure ranges of 7-10 and 17-20 bar.
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Figure 1. XRPD patterns of laboratory pigment samples
synthesized in pressure range of 7-10 bar:
(a) CZ 10% 10B 1h, (b) CZ 10% 10B 2h,
(c) CZ 10% 10B 3h, (d) CZ 14% 10B 1h,
(e) CZ 14% 10B 2h, (f) CZ 14% 10B 3h. Red
lines indicated goethite remnants.

It can be seen that the samples consist of hematite (ICDD
No.:00-024-0072). Samples synthesized in pressure range of
7-10 bar contain, in addition to partially crystallized com-
pounds, a significant amount of the amorphous phase. The
broad bases of the reflection (110) suggest that hematite
was formed by dehydration of goethite (Wolska and Schwert-
mann, 1989; Wolska, 1988). Red lines indicate places where
goethite remnants can be seen in the diffraction pattern —
the most characteristic group of three peaks in a range of
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Figure 2. XRPD patterns of laboratory pigment samples
synthesized in pressure range of 17-20 bars:
(a) CZ 10% 20B 1h, (b) CZ 10% 20B 2h,
(c) CZ 10% 20B 3h, (d) CZ 14% 20B 1h,
(e) CZ 14% 20B 2h, (f) CZ 14% 20B 3h.

62-64 26 are shown (ICDD No.: 01-073-8431). Samples syn-
thesized at 17-20 bar show high crystallinity. The size of
hematite crystallites exceeds 100 nm.

At lower concentrations and using low pressure, increasing
the synthesis time increases the crystallinity of the materials
(CZ 10% 10B 1h, CZ 10% 10B 2h and CZ 10% 10B 3h).
In order for the same increase in crystallinity to occur at
higher concentrations, the synthesis pressure (CZ 14% 20B
1h, CZ 14% 20B 2h and CZ 14% 20B 3h) must be raised in
addition to extending the time. Moreover, increasing the syn-
thesis time with high pressure and low concentrations results
in a decrease in the crystallinity of the material (CZ 10% 20B
3h). The mechanism for such a phenomenon may be related
to hematite crystallization. The crystal grows at a certain
concentration, which changes over time (Arinchtein et al.,
2020; Su et al., 2011). Increasing the time of synthesis we
exceed the point of crystal growth, causing breakdown of
the already obtained structure (Fouad et al., 2019; Wang et
al., 2022).

3.2. Specific surface area

The specific surface area of pigments was determined
with the Brunauer-Emmett-Teller (BET) method using the
Quadrasorb Evo Quantachrome Instruments nitrogen adsorp-
tion apparatus. A sample was degassed at 100°C under
a high vacuum for 16 hours. Figure 3 shows nitrogen ad-
sorption and desorption isotherms for synthesized materials.

Obtained pigments have an isotherm shape corresponding to
type V in according to the IUPAC classification (Rouquerol et
al., 1994; Sing et al., 1985). It is characteristic of mesoporous

30f9



W\-\'\‘\’.CZL{SU].)ihl'l'li{.IBilll.L)l P

N www.journals.pan.pl

POLSKA AKADEMIA NAUK

N
K. Splinter, Z. Lendzion-Bielun
(a) —=—CZ1010B 1h —e— CZ 10 10B 2h —4 CZ 10 10B 3h
160 - —¥—CZ 14 10B 1h CZ 14 10B 2h —<— CZ 14 10B 3h
140 -

120

Y

o

o
1

D
o
1

Volume STP [g/cm?]
3
1

N
o
1

20 S

0 T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure [p/p]

Chem. Process Eng., 2023, 44(2), el2

(b) = CZ1020B 1Th—e—-CZ1020B2h 4 CZ 10 20B 3h
160:- v— CZ 14 20B 1h CZ4020B2h <« CZ1020B 3h
140
120

Volume STP [g/cm?]

0.0 0.2

Relative pressure [p/p]

Figure 3. Results obtained from BET analysis. Nitrogen adsorption isotherms of pigments synthesized in pressure range of:

(a) 7-10 bar, (b) 17-20 bar.

materials. The hysteresis shape corresponds to E type, i.e.
spherically elongated or bottle-shaped pores with open ends.
The shape of the adsorption isotherms for pigments synthe-
sized in pressure range of 17-20 also correspond to isotherms
for mesoporous materials, but with a much lower adsorption
capacity.

Synthesized pigments have up to 25 times greater spe-
cific surface area than commercial pigments (values up to
10 m?/g) (Splinter et al., 2023). Specific surface area value
mostly decreases with increasing crystallinity of hematite in
materials which can be seen in Figure 4. In the literature
(Arbain et al., 2011; Dehbi et al., 2020; Jozwiak et al., 2007;
Sander, 2020) goethite-hematite phase transition tempera-
ture is 450°C. Hematite obtained at this temperature has
a specific surface area in the range of 25-40 m?/g. By con-
trast, pigment industry usually uses calcination method to
obtain pigment structure. It takes place at a > 700°C for
10 to 20 hours (Kamel et al., 1972; Krzeslak et al., 2005;
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Figure 4. BET surface area of laboratory pigments.
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Sarkodie et al., 2019). In this study, the phase transition dur-
ing synthesis takes place at a temperature of about 160°C,
which further promotes a higher specific surface area.

In the case of synthesized pigments in pressure range of 7—
10, it cannot be said that the higher the amorphous phase
content in the samples, the higher the specific surface area
of the material. Samples synthesized in pressure range of
17-20 bars (CZ 10% 20B 2h, CZ 10% 202B 3h, CZ 14%
20B 1h, CZ 14% 20B 2h, CZ 14% 20B 3h), containing well-
crystallized hematite, have the value of the specific surface
area close to the value in the literature (Arbain et al., 2011;
Khanam et al., 2023).

3.3. Particle size distribution

Dynamic light scattering measurements (DLS) were carried
out on the Horiba LA 950 Laser Diffraction Particle Size An-
alyzer. A sample was dispersed in 50 ml of 0.1% sodium py-
rophosphate solution. Then, the solution was sonicated in an
ultrasonic cleaner for 2 minutes. The prepared dispersion was
loaded into the analyzer. In the measurements, a reflectance
coefficient of 2.90 was used, and sonication was turned on.

Figures 5 and 6 show particle size distribution for obtained
pigments. At a pressure of 7-10 bar, the proportion of
particles with a size of 0.1-3 um does not exceed 40%,
while at a pressure of 17-20 bar, the proportion of particles
in this range is higher and is about 90% for most samples.
Increasing the pressure results in samples with a narrower
size distribution.

The CZ10% 10B 2h, CZ 10% 10B 3h, CZ 10% 20B 1h,
CZ 10% 20B 2h and CZ 14% 20B 1h samples have the high-
est proportion of particles in the range of 100-500 nm. Some
samples tend to show particle agglomeration. This is evi-
denced by either two maxima of particle size distribution or

https://journals.pan.pl/cpe
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Figure 5. Pigment size distribution analysis by dynamic light
scattering of pigments synthesized at 7-10 bar.
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Figure 6. Pigment size distribution analysis by dynamic light
scattering of pigments synthesized at 17-20 bar.

one maximum shifted toward larger values of particle diame-
ter e.g. CZ 10% 10B 1h, CZ 14% 10B 1h or CZ 14% 20B 3h.

3.4. Surface morphology

The surface morphology of samples was observed with an
emission scanning electron microscope VEGA 3 (TESCAN,
Brno, Czech Republic). A sample was dispersed in isopropyl
alcohol, and 2 pl were placed on silicon wafers and evapo-
rated.

SEM images are shown in Figures 7 and 8. Most of the syn-
thesized materials have agglomerates < 1 um. The lowest
aggregates are shown in CZ 10% 10B 3h, CZ 10% 20B 2h
and CZ 10% 20B 3h samples. There are many agglomerates
mostly under 500 nm in size.

https://journals.pan.pl/cpe
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Figure 7. SEM images of iron pigments (SEM HV: 30 kV;
SEM MAG: 30 kx).

Figure 8. SEM images of commercial iron pigment (SEM
HV: 30 kV; SEM MAG: 30 kx).

Blue particles are single particles up to 500 nm in size. Ag-
glomerates of particles > 500 nm with single particles high-
lighted are green. Orange granules are individual particles
forming agglomerates with a size of 100-600 nm. Pink parti-
cles are aggregates of particles < 2 um with indistinguishable
single particles.

Obtained pigments show agglomeration. In comparison with
commercial pigment, agglomeration of laboratory materials
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is decreased. It can be connected to high specific surface area
of the materials.

CZ 14% 20B 3h sample has somewhat interesting structure.
Most of obtained pigments are spherical-like particles while
CZ 14% 20B 3h sample is cubical. Some cube structure is
also visible in CZ 10% 20B 2h, CZ 10% 20B 3h and CZ 14%
20B 2h samples. It can be connected with high crystallinity
of the materials (Su et al., 2011; Wang et al., 2022).

3.5. Oil absorption

Oil absorption was determined according to the PN-EN 1SO
787-5:1999 standard.

Commercial pigments should have an oil absorption of a max-
imum of 35 g/100 g based on the product technical sheets.
This value was considered a reference value. Most obtained
pigments were characterized by a lower or equal oil absorp-
tion value (Fig. 9). Qil absorption mostly decreases with
higher pressure and longer sample synthesis time, which is
connected with crystallinity of the materials.

40 4 c=10% p=10 bar ¢c=14% p=10 bar
. ¢=10% p=20 bar

. ] c=14% p=20 bar

Oil absorption [wt/100wt]
& S &
1 | I |

-
o
1

NN DNENS DNIEN DB

Figure 9. Qil absorption for laboratory and commercial
pigments. rl — reference level.

3.6. Color analysis

Color analysis was conducted with hand spectrophotometer
(Konica Minolta, CM-700d, Japan). Spectrometer was cali-
brated on white standard and three measurements for each
sample were done. The CIELAB scale was used to measure
pigment color. This scale is based on the theory of opposing
colors, assuming that receptors in the human eye perceive
colors as pairs of opposites. Designed in this way, the scale
allows a given color to be placed in three-dimensional space,
using three values — L, a and b — to describe each color
(Fig. 10).

The value of L allows to determine how light or how dark the
sample is, the value of a determines the redness or greenness

6 of 9

www.czasopisma.pan.pl P N www.journals.pan.pl

IS

Chem. Process Eng., 2023, 44(2), el2

white
i 4 5L=100 .......................... :
_icolor Point!
yellow P . Lal)
o A .
© < <
4\ -a 5 T e
: blue
W
black

Figure 10. Graphical representation of the CIELAB color
scale in a three-dimensional system (Stockman
and Gevers, 2000).

of the sample while the value of b indicates whether the color
is more warm, yellow, or cold, blue (Durmus, 2020; Mielicki,
1997; Stockman and Gevers, 2000).

To determine the color difference between the samples, the
formula was used:

AE = /(AL)? + (Aa)? + (Ab)2 (3)

It is assumed that a standard observer notices the color dif-
ference as follows:

0 < AE < 1 - does not notice the difference,

1 < AE < 2 - only an experienced observer notices the dif-
ference,

2 < AE < 3.5 — an inexperienced observer also notices the
difference,

3.5 < AE < 5 — notices a clear color difference,

5 < AE — the observer gets the impression of two different
colors (Mielicki, 1997; Stockman and Gevers, 2000).

Table 1 shows average L, a, b and AL values and conversion
CIELAB scale to HEX scale with colors of obtained pigments.

All of the samples are +a and +b space, which means that
colors are warm and reddish. Luminance of samples is on
L ~ 25 (referenced to the target white standard L = 99.18,
a = —0.10 and b = —0.13), which means that they are
darker than the white standard, but still lighter than pure
black (L = 0). The darker color of the pigments is related
to the small particle size (< 500 nm) as can be seen in SEM
images. Luminance of samples is on the average level for dark
red pigments (Ding et al., 2019; Gong et al., 2023; Splinter
and Lendzion-Bielun, 2021).
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Table 1. Summary of L, a, b and AE values for samples.
The color codes are given in hexadecimal (HEX)
(Color converter).

Sample L a b AE Coé:’Ec)c:)des Color
CZ 10% 10B 1h 28.09 12.00 10.83 72.94 #583B32
CZ 10% 10B 2h 25.13 11.80 8.84 75.53 #50352F
CZ 10% 10B 3h 25.08 15.46 10.02 76.40 #54322D
CZ 10% 20B 1h 21.48 6.34 5.00 78.19 #3F302C
CZ 10% 20B 2h 31.35 20.96 12.29 72.10 #6C3C38
CZ 10% 20B 3h 25.72 15.57 10.62 75.88 #56332E
CZ 14% 10B 1h 22.24 7.29 6.12 77.55 #42312C
CZ 14% 10B 2h 25.29 11.21 8.56 72.25 #4F3530
CZ 14% 10B 3h 25.98 12.03 8.78 74.73 #523631
CZ 14% 20B 1h 28.75 20.24 10.14 74.03 #633735
CZ 14% 20B 2h 29.28 19.11 11.17 73.37 #643935
CZ 14% 20B 3h 29.53 21.18 10.79 73.65 #673836

4. CONCLUSIONS

This study showed the influence of synthesis parameters on
physicochemical properties of iron pigments. The main find-
ing is that a decrease of temperature to 170°C with a slight
increase of pressure (up to 20 bars) allows to produce iron
reds with high fine-crystallized hematite content. The op-
timal concentration of salt solution is 14 wt%, because re-
gardless of the synthesis time, the pigments obtained in the
17-20 bar range have high crystallinity. Time matters in the
case of low pressure in the 7-10 bar range. A longer syn-
thesis at a lower concentration allows high crystallization of
hematite.

The resulting materials have a high specific surface area,
higher than commercially obtained pigments. Increasing the
pressure and lengthening the synthesis time reduces the spe-
cific surface area. The increase of pressure also increases the
proportion of low-size particles, resulting in a darker color of
pigments. At the same time, increasing the synthesis time
causes the material particles to show higher agglomeration.

The most similar values of oil absorption to commercial pig-
ments are those synthesized at 14 wt% concentration regard-
less of the applied pressure and synthesis time. It is related
to the high crystallization of hematite in the samples. The
hematite crystallites in the samples have a high specific sur-
face area that increases the oil absorption capability. This
indicates that concentration is an important parameter to
consider when synthesizing oil absorbing pigments. The re-
sulting pigments are characterized by their dark color.

The results obtained allow to assume that these pigments
can be used in the paint or building material industry. The

https://journals.pan.pl/cpe
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low oil absorption or high specific surface area of the pig-
ments can be an advantage for coloring building materials.
The dark shade of the pigments can be a problem in the
production of paints. However, there are ways to lighten the
color with the help of nanofillers, e.g. TiO; or chalk. How-
ever, determining the application of the resulting pigments
still requires research.

To conclude, stable synthesis conditions in a microwave re-
actor make it possible to obtain iron red. The pressure, the
time of synthesis and also the concentration of reactants
have a significant effect on the properties of the materials
obtained. However, by selecting the parameters in an appro-
priate way, it is possible to control the particle size or specific
surface area of the material.
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