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This material can be produced using several methods; however, its
recycling is a safer and more environmentally friendly approach due
to resource scarcity. Waste management and recycling are now major concerns
due to the rise in industrial production. The current work offered a viable

M agnetite can be used as an additive and colorant for ink preparation.

Keywo.rds: method for recycling magnetite particles, considered residues of micro-silica
Recycling _ preparation in concrete production factories. The resulting magnetite was
Recovgred magnetite utilized as a pigment in flexographic water-based ink as a replacement for the
Eco-friendly virgin pigments in an ink formulation. X-ray diffraction (XRD) patterns,
Printing ink

scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS),
particle size analysis (PSA), rheology measurement, and color characteristics
were used to characterize the ink and the recovered pigment. The results showed
that the recycled magnetite has a larger particle size than the original pigment.
In addition, the blackness and printability of the prepared ink are superior to the
original black ink. Results showed a small reduction in optical density (O.D.) of
the ink made from recycled pigment in comparison with virgin ink. Despite these
lower O.D. values, it is still suitable in the appropriate range for use in
applications without changes in viscosity parameters. Prog. Color Colorants
Coat. 19 (2026), 1-8© Institute for Color Science and Technology.

Waste concrete

of producing these particles is crucial because of the
high demand for magnetite, resource scarcity, and
environmental concerns. Waste recycling has become a
significant challenge for developing nations [9]. Waste
recovery is an important societal concern in
underdeveloped countries since it recycles resources
and protects the environment [9].

Concrete is a widely utilized and well-known
material in the construction sector. Its development has
been associated with attempts to maximize its
performance, which is usually accomplished by altering
its properties [10]. These changes are initially caused by

1. Introduction

There are numerous types of iron oxide, which is the
strongest naturally occurring magnetic material [1].
The magnetic characteristics, color, density, and
hardness of magnetite (Fes04) make it useful in both
science and industry [2]. Magnetite is used as a
pigment in building materials and in printing to control
the charge of the toner [3, 4]. Magnetic particles can
now be produced using a variety of methods, including
chemical co-precipitation [8], sonochemical synthesis
[7], laser pyrolysis [6], and micro-emulsions [5].
Finding a clean and environmentally friendly method
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rebalancing the materials and then by the addition of
new components. Over 500,000 MT of micro-silica is
purchased by the global construction sector for usage in
oil-well drilling, fiber cement, concrete treatment, and
refractories [11]. Microsilica is an industrial byproduct
generated during the production of ferrosilicon alloys. A
comparatively high amount of gases including CO and
SiO are produced from the reaction zone during the
ferrosilicon manufacturing process. Then, these gases
leave the loading surface of the furnace and are
converted into CO; gas and silica (SiO2) dust. The latter
is separated via several mid-stage processes. Microsilica
did not begin to be traded as a byproduct of this process
until technology advanced and various uses for these
wastes (especially, in concrete) were discovered. About
220 kg of micro-silica is produced for every ton of
ferrosilicon throughout the production process [12].
Traces of organic deposits and heavy metal oxides are
present in microsilica as impurities [13]. Iron oxide is
one of the metal oxides that are present in microsilica as
waste and impurities [14].

The author has previously reported the impact of
various colorants on printing ink [15, 16]. This study
aims to determine the potential of the iron oxide
(magnetite) obtained as waste for curing and manu-
facturing microsilica to be used in flexographic ink.
The recovered pigments were utilized to make the
printing ink to investigate the relationship between the
pigment characteristics (such as morphology and
particle size distribution) and the ink characteristics
(such as color and optical density).

2. Experimental

2.1. Materials

The flexographic ink (FI) was a cold-set water-based
black ink purchased from the Iran Ink Company. A
typical formulation of the used ink is shown in Table 1.
To apply the ink onto the paper sheets, a K Hand-type
bar Coater (UK) with a thickness of 4 um was used.
Also, the uniformity of the film was measured by Film-
Thickness Measurement. for the preparation of the
water-based ink as follows: mixing all components at
room temperature by stirring for 20-30 minutes through
a high-speed dispersion machine at the rotating speed
of 6000-9000 rpm, obtaining a dispersed color paste,
milling the color paste in a sand mill containing glass
balls for 5-7 hours, and filtering the obtained water-
based ink.
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Microsilica was obtained from Ferrosilicon
Company (lran). Before preparing and treating the
micro-silica for the concrete industry, its surface must
be modified using ionic stabilizers and mineral salts.
The waste iron oxide precipitates as black sediments
and should be removed from the microsilica solution.
A magnet extracts such particles from the slurry
because of their magnetic properties. The full recycling
method is reported in our previous work [15]. Figure 1
shows the preparation scheme.

2.2. Characterization

The recovered pigment and the ink were subjected
to an X-ray diffractometer (STOE STADI P, Germany)
employing Cuk, radiation (A=1. 54 A). SEM-EDX
was used to characterize the pigment morphology
(Cambridge Instruments Stereoscan 360, UK). PSA
(Mastersizer2000, Malvern, UK) was used to measure
the particle size and distribution. The optical density of
the printed ink was determined using an Ihara
S900spectrophotometer (USA). The lhara SpectroCam
(Japan) was used to assess the color properties. The
spectral reflectance factor was calculated and converted
into CIELAB colorimetric coordinates (L*, a*, and b*)
using a CIE standard colorimetric observer and CIE
standard illuminant D65 [17]. The rheological properties
of the inks were studied using a US200 Anton Paar
MCR 300 with a cone and plate geometry cell in
controlled shear stress mode. In each case, the shear rate
was increased from 0.01 to 10 Hz and reversed back
down to 0.01 Hz, with 7 measurements distributed on a
logarithmic scale for increasing and decreasing shear
rates.

Table 1: A typical formulation of the FI [17]

Orginal pigment or recycled pigment 5.9
Alkali-soluble acrylic copolymer 28.4
Antifoam 0.36
Antibacterial 0.1
Wetting agent 0.2
PE wax emulsion 3
Isopropyl alcohol 2
Distilled water 6.04
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Figure 1: A scheme representing the recycling of pigment from concrete waste.

3. Results and Discussion

As seen in Figure 2, the recovered pigment exhibits an
absorption peak at 1600 cm™ attributed to the bending
of the O-H bond and a characteristic band at about 600
cm? relating to the stretching of the Fe-O bond [18].
The peak at 1000 cm™ matches the bending vibration
of the O-H bond. Both the water molecules chemically
adsorbed to the surfaces of the magnetic particles and
the hydroxyl groups bonded by hydrogen bonds to the
iron oxide surface are represented by these two bands
[19]. The intensity of FTIR bands is influenced by
particle size which was explained in DLS and SEM
analyses.

In Figure 2, the broad high-intensity band at 1061
cm!is associated with the motion of oxygen in Si-O-Si
antisymmetric stretch, due to the asymmetric stretching
bonds of Si-O-Si in SiO.the presence SiO; of is also
confirmed by EDX The band at 793 cm™! is assigned to
the Si-O-Si symmetric stretch, while the band at
451 cm™! corresponds to the Si-O-Si or O-Si-O bending
modes. The band at 964 cm™' is assigned to the
Si-O symmetric stretch. In Figure 2, the broadband at

Transmittance

1076 cm™is for asymmetric stretching bonds of Si-O-
Si, the band at 771 cm™' is for Si-O-Si symmetric
stretch, the band at 454 cm™' is for Si-O-Si or O-Si-O
bending modes, the band at 954 cm™ is for Si-O
symmetric stretch [20].

500 1 0‘00 1 5'00 20'00 25100 30'00 35100 4000
Wavelenght
Figure 2: The FTIR diagram of the recovered pigment.
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Figure 3 shows XRD patterns of the recovered
pigment and the ink. The recovered pigment consists of
silicon oxide (SiOz), hematite (Fe.Os), and magnetite
(FesO4) according to JCPDS card No. 01-086-1629,
JCPDS card No. 00-033-0664, and JCPDS card No. 01-
075-0033, respectively. The 20 peaks of 30.206°,
35.565°, 43.199°, 53.579°, 57.121° and 62.734° in
Fes0, particles represent the inverse spinel structure of
Fes0.. The sources of the diffraction peaks were
determined to be the crystal planes located at Miller
indices (220), (311), (400), (422), (511), and (440) [21].
Before and during mixing, the peak position of the
recovered pigment remained unchanged. This outcome
demonstrated that the ink preparation process did not
alter the crystal structure of the recovered pigment. The
wide diffraction peaks of the ink between 10° and 30°
were thought to be caused by the amorphous polymer
[22]. From Figure 3, we can observe that the XRD
pattern of the SiO, microspheres is similar to the pattern
of Fe3O4, and the presence of SiO, does not change the
structure of the FesO4 particles [19].

To determine the morphology and the average size
of waste pigment, scanning electron microscopy (SEM)
was used. In Figure 4, the SEM image of the waste
pigment shows that these particles have an irregular

morphology, and the average size is about 9 pm.wich is
confirmed by image j software. SEM-EDX images of
the recovered pigment particles are also displayed in
Figure 4. The EDX spectrum of the recovered pigment
showed iron (3.1 %), silicon (6.9 %), carbon (30.5 %),
and oxygen (49.5 %) elements. It is evident from the
SEM image of the recovered pigment that micro-silica
particles are visible next to the pigment particle. The
larger particle size of the recovered pigment can also
be seen in the SEM images, which is also confirmed by
PSA results.

The particle size distribution of the recovered
magnetite is displayed in Figure 5. The scattering
power of pigments is significantly influenced by their
particle size, which should ideally be under 1 micron,
and preferably below 0.5 microns, depending on
whether pigments with a high or low refractive index
are utilized According to the findings, the recovered
pigment particles are somewhat larger than the original
pigment particles, even after milling. This larger
particle size mostly affects the printability (optical
density) and color characteristics of the ink, while
having a lesser effect on the rheological properties
[23].

3000
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Figure 3: XRD patterns of the original ink, the recovered pigment, and the ink containing the recovered pigment.
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Figure 6 shows the shear stress and viscosity
diagrams versus the shear rate for both the original ink
and the ink containing the recovered pigment.
Newtonian behavior is evident in the difference
between the loading and unloading curves of the
viscosity diagram [24]. The findings indicate that while
both inks exhibit identical rheological behavior, their
viscosity values differ because of their varied pigment
particle size. As expected, all inks exhibit mild
thixotropy between increasing and decreasing shear
runs. They also exhibit shear-thinning behavior to
approximately the same extent over this shear rate
range.

The colorimetric coordinates (L*, a*, and b*) were
measured using the CIE standard illuminant D65. An
increase in the L*indicates higher lightness. The b* axis
exhibits blue and yellow extremes, whereas the a* axis
exhibits a green hue at its negative extremity (-a*) and a
red hue at its positive extremity (+a*) [21]. Both inks
showed a* and b* values close to zero, which provided
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the appropriate blackness of the samples within the
original ink range, despite changes in lightness values.
However, the nonuniformity of the ink results from the
greater particle size of the recovered pigment which
alters the L*, a*, and b*. The optical density (O.D.) of
the ink can be calculated from Eq. 1:

0.D. :Iog Lw/Lr (1)

Lw and Lgr are the intensity of the reflected light
from the white area of the paper and the printed ink,
respectively. Better optical density and higher print
quality are indicated by density values of 1 and above
[22].

In general, the optical density reading increases
with the quality of the ink film. It was discovered that
the average optical density of the recovered pigment

ink fell within that of the original ink (Table 2),
although it has a larger particle size. The hue and
opacity of the pigment are directly influenced by the
size of the particles. The black hue seems more intense
when smaller particles scatter lights more effectively.
Larger particles, on the other hand, only slightly scatter
light, producing a softer black shade. Furthermore,
smaller particles have greater opacity, which enhances
their ability to conceal and provide superior coverage
in inks and other applications. Due to a more uniform
particle size distribution and a smaller mean particle
size, the original sample exhibits greater printability
when compared to the waste sample based on the
optical density of the printed samples. Although the
optical density of both samples remains within a
reasonable range [25].

Table 2: Spectrophotometric parameters of the original and the recovered pigment inks.
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Figure 6: Viscosity and shear stress behavior of the original ink and the ink containing the recovered pigment.
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4. Conclusions

In this study, for the first time, magnetite particles
recycled from microsilica wastes in concrete factories
were used as pigment for printing applications to
overcome resource scarcity and environmental
concerns. The recovered pigment particles exhibit
Fe»03, Fes0s4, or SiO, phases according to XRD and
SEM-EDX data. They were used in flexographic
water-based ink and compared with the original ink.
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