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Abstract

Four industrial wastes, namely, tionite (T), iron grit (IG), electroplating sludge (ES), and mill scale (MS), are typically
disposed of in controlled hazardous landfills because of their toxic content, posing potential harm to human health and
to the environment. At the same time, the chemical composition of these wastes, specifically the nature and content of
transition metals, makes them potentially attractive for reuse in pigments manufacturing. This work details the study of
these residues for producing coloured perovskites to be tested as inorganic pigments. The residues were mixed, in differ-
ent proportions, and subsequently calcined to produce the required structures. The colouring potential was then assessed
in a ceramic paste and in a transparent glaze. Leaching tests were carried out to verify the effective immobilisation of
the hazardous species. Dark pigments were successfully obtained from the mixtures of T: ES: Co;0,4, T: MS and T: IG.
The crystalline phases present in T: ES: Co;0, are nickel-chromium iron oxide spinel-Fe, sCr, sNiO, (without Co) or
trevorite-Fe,NiO, (with Co), titanium nickel oxide-TiNiO; and titanite—-CaTiSiOs. The mixtures T: MS and T: IG pre-
sented hematite (Fe,O5) and pseudobrookite (Fe,TiOs). Leaching tests confirmed the non-hazardous or inert character of
the synthesized pigments. Products showed brownish or greyish hues, depending on the pigment added. T:75ES 1100,
T:73ES:2Co_1100, T:75MS 1000, T:75MS_1100 and T:751G_1000 pigments can effectively and safely be used to colour
ceramic paste replacing partially or totally the commercial pigments.
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Inorganic pigments are compounds known for their ability
to add vibrant hues to materials without undergoing chemi-
cal or thermal reactions. Widely employed across industries
such as ceramics, cosmetics, and textiles due to their sta-
bility, durability, and wide range of colours. An inorganic
pigment is a transition metal bearing complex structure
formed by a heat treatment process, which shows: (a) ther-
mal stability, maintaining its identity at high temperature;
(b) chemical stability, not reacting when fired with glazes or
ceramic matrices; and (c¢) high colouring power when dis-
persed in the matrices [1, 2]. Inorganic pigments distinguish
themselves from dyes primarily through their chemical
composition, application method, and interactions with the
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of organic compounds soluble in their application medium,
pigments generally remain insoluble, dispersing as solid
particles within the medium. Dyes feature conjugated sys-
tems of double bonds, enabling them to absorb light and
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manifest vibrant colours. Further, dyes may exhibit lesser
durability and heightened susceptibility to fading over time,
particularly when exposed to light, heat, or chemical agents,
when compared to pigments [3, 4].

The attempts to use industrial waste in the production of
inorganic pigments has witnessed significant growth over
recent decades, propelled by the expanding ceramic material
market and rising raw material expenses [5—7]. Presently,
there is a notable surge in interest surrounding the recy-
cling, reusing, and repurposing of waste materials, aligning
with contemporary global trends, as it not only yields eco-
nomic advantages but also fosters environmental sustain-
ability. This trend harmonizes with the current European
Union strategy for Circular Economy [8], underscoring the
imperative to extract maximum value from resources while
minimizing waste and environmental impact. Several indus-
trial wastes, such as red mud [6, 9], electroplating sludge [5,
10], wiredrawing sludge [11, 12] and others [13—15], were
already tested as raw materials for pigments due to their
chemical composition, specifically the nature and content of
transition metals [7]. Besides fulfilling the three main char-
acteristics, the inorganic pigments prepared from industrial
wastes must also immobilise the hazardous species to pre-
vent their leaching into the environment [16].

The main environmental benefits of using industrial haz-
ardous residues as raw materials are the immobilisation of
toxic species into the glazes or ceramic matrices, as well as,
decreasing the virgin raw materials consumption. Currently,
tionite (T), contaminated iron grits (IG), electroplating
sludge (ES) and mill scale (MS) have no commercial value
and are mostly disposed of in landfills for hazardous waste,
except for the MS. This management strategy involves high
transportation and storage costs which raises environmental
concerns [10, 12, 17].

In the literature, there have been some studies about the
use of tionite as secondary raw material in ceramic bodies
and bricks [17, 18]. In the case of iron-rich wastes, such
as mill scales, steel residues or untreated iron ore gangue,
there are some authors reporting their use in ceramic prod-
ucts [19], in the preparation of ceramic colorants [15] and
pigments [13, 20]. Regarding pigments, Legodi et al. [20],
prepared iron oxide pigments using specific precursors from
mill scale iron waste. Magnetite and goethite were precipi-
tated from their respective precursors in aqueous media.
Distinct red shades of hematite were obtained by the calci-
nation of the precipitated goethite at temperatures ranging
from 600 to 900 °C. Maghemite was obtained by thermal
treatment of magnetite at 200 °C. The authors suggest that
the prepared pigments can show high tinting strength, qual-
ity hiding power and good oil absorption. However no fur-
ther tests were conducted. Prim et al. [13] used iron oxide
from a metal sheet rolling process as chromophore. Different
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amounts of hematite and silica were homogenized by mill-
ing and then the powders were calcined between 1050 and
1200 °C. The pigments were applied in a porcelain body,
developing a pink hue, and in a ceramic enamel but in this
case no colour was developed. The authors suggest that this
could be a result of the presence of zinc in the composition
of ceramic glaze, but the detection of crystalline phases was
not performed.

ES has been reported as a precursor for the production of
inorganic pigments or to directly colouring ceramic bodies,
bricks and other decorative ceramic products [6, 10, 21].
Carneiro et al. [5]. studied the combination of ES with red
mud in different proportions, being the mixtures calcined
at 1200°C. Black and brown pigments were obtained but
incorporation tests in ceramic products were not conducted
and the immobilization of the hazardous species was not
evaluated.

The novelty of the present paper is the attempt to recycle
four hazardous wastes - tionite (T), iron grit (IG), electro-
plating sludge (ES), and mill scale (MS) in the production
of inorganic pigments. These residues were blended in dif-
ferent proportions and subjected to calcination at two tem-
peratures (1000 and 1100°C) to generate stable pigmenting
structures. Their colouring power was tested in a ceramic
product and in a transparent glaze. Ultimately, leaching tests
were carried out to confirm the immobilisation of the haz-
ardous species, assuring their safe use.

Materials and methods
Materials

The wastes used as raw materials come from different
industries. A titanium dioxide producer in Huelva, Spain,
provided the undissolved ilmenite sludge, called tionite
(T). Contaminated IG was supplied by the CEPSA refinery
in Huelva, Spain. ES was provided by Grohe, Portugal, a
Cr-Ni electroplating industry. MS was given by Fapricela
- Industria de Trefilagem S.A., Portugal, and is gener-
ated from steel wiredrawing production. The cobalt (III)
oxide (Co;0,) employed in this work was of analytical
grade (purity >99.8 wt %) with particle size < 50 nm, from
Aldrich Chemistry. All materials were received in the form
of powders that before its use were dried and milled.

The transparent powdered glaze was supplied by Esmal-
glass-Itaca Group, while the stoneware ceramic paste tested
belongs to Grestel - Produtos Ceramicos S.A. Moreover, a
commercial deflocculant (Dolapix) was used to adjust the
viscosity of the slurry.
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Pigments Preparation

The compositions prepared in this study are outlined in
Table 1, aiming to reach black hues. Cobalt was incorpo-
rated (2 and 5 wt% Co;0,) in the formulations, to accentu-
ate the darkness. The amount of tionite was kept constant
(T=25 wt%), so the designation of each pigment attempts
to be intuitive: e.g. T:73ES:2Co 1000 corresponds to a
mixture of 25 wt% T+ 73 wt% ES+2 wt% Co;0,, fired at
1000 °C.

The raw materials were subjected to wet ball milling
(with water) at 200 rpm for 12 h to ensure a good homog-
enization. Subsequently, the mixtures underwent drying at
80°C, followed by firing in an electric furnace under a static
airflow. The heating and cooling processes occurred gradu-
ally at a rate of 5 °C/min until reaching maximum tempera-
tures of 1000 °C and 1100 °C, as indicated in Table 1. The
materials were held at these temperatures for 2 h to ensure
proper synthesis. Finally, the resulting pigments were disag-
gregated and sieved at 63 pum.

Test in Glaze and Ceramic Paste

The tinting power of the prepared pigments was tested in a
transparent glaze and in a stoneware ceramic paste. In the
case of the glaze, 3 wt% of each pigment was added, and the
homogenisation process was conducted by wet mixing in a
ball mill for 60 min at 200 rpm. The slurry was then dried
at 80 °C and the obtained powder was disaggregated and
sieved (63 pm). Subsequently, the powders were pressed
into 25 mm pellets and fired in an electric furnace under
static airflow, with a heating and cooling rate of 10 °C/min
until the maximum temperature of 1100 °C (30 min dwell
time).

In the ceramic paste, suspensions with 3 and 5 wt%
of pigments were prepared. The homogenisation of the

Table 1 Compositions, designations and firing temperature of the pre-
pared pigments

Code pigment Compositions Max. Processing Temperature (
(Wt%) °C)
T: ES: Co,0,
T:75ES_1000 25:75:0 1000
T:75ES_1100 1100
T:73ES:2Co_1000 25:73:2 1000
T:73ES:2Co_1100 1100
T:70ES:5Co_1000 25:70:5 1000
T:70ES:5Co_1100 1100
T: MS
T:75MS_1000 25:75 1000
T:75MS 1100 1100
T: IG
T:751G_1000 25:75 1000
T:751G_1100 1100

suspensions was conducted by manually mixing for 2 min.
Then, the mixture was sieved at 425 um and dried in a gyp-
sum plate until it reached the desired humidity (~20 wt%).
The pastes were stored, at room temperature, in closed
plastic bags to avoid drying until the preparation of the
specimens, similar to what was done in [22]. Afterwards,
specimens (30x20x 10 mm) were obtained by plastic
pressing in a uniaxial hydraulic press. Then, 15 mm marks
were placed on each specimen to evaluate the shrinkage
after drying at 120 °C for 24 h. Finally, the samples were
fired in a laboratory muffle. The firing cycle simulates the
one used in the industry for this type of (stoneware) product:
(i) heating rate of 3 °C/min until 575 °C and 30 min of dwell
time; (ii) heating rate of 5 °C/min until 770 °C and 60 min
of dwell time; (iii) heating rate of 5 °C/min until 1220 °C
and 30 min of dwell time; and (iv) cooling until ambient
temperature as in article [19].

The specimens were codified as “X/Y,” where “X”
is the code of the pigment, and “Y” represents the test-
ing substrate: glaze (G) or ceramic paste (P). The num-
bers express the added amount of pigment. For example,
the code T:75ES 1000/G3 corresponds to the use of the
T:75ES 1000 pigment (3 wt%) in the transparent glaze (G).

Characterization Techniques
Raw Material Characterisation

The chemical composition of the wastes was assessed by
X-ray fluorescence (XRF) employing a Philips X’Pert
PRO MPD spectrometer, and the loss on ignition (LOI) at
1000 °C was also determined. The particle size distribution
was obtained by laser dispersion in a HORIBA Scientific
analyser, model LA-960V2. Furthermore, the mineralogical
composition, at room temperature, was evaluated through
X-ray diffraction (XRD) analysis using a Panalytical X Pert
PRO diffractometer equipped with Ni filtered Cu X-ray
source and PIXcel'P detector, operating under the following
conditions: voltage 45 kV; current, 40 mA; range 20—60°
20; step size 0.026°, time per step 2s.

Pigments, Glaze, and Ceramic Pastes Characterisation

The mineralogical composition of the obtained pigments
was also analysed by XRD. Moreover, the optical properties
were measured by diffuse reflectance spectroscopy using a
Shimadzu UV-3100 UV-Vis—IR spectrometer in the UV-
vis range 190-950 nm. Reflectance (R) was converted to
absorbance (Kubelka—Munk) by the equation: Absorbance
Kubelka-Munk = (1R)?/2R [23, 24]. L*a*b* colour coor-
dinates were measured with a Konica Minolta Chroma
Meter. The CIEL*a*b* data are expressed as brightness L*,
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changing from 0 (black) to 100 (white), a* (+red, -green),
and b* (+yellow, -blue) [25, 26].

On the other hand, the colour evaluation of the prepared
specimens (glazes and pastes) was also done based on the
three-dimensional CIEL*a*b* projection. The linear firing
shrinkage was evaluated by measuring the length of the
specimen before and after firing. The weight loss (%) upon
firing was also determined.

Leaching Experiments

Leaching tests were carried out to evaluate the mobility of
the hazardous species from the pigment. The adopted pro-
cedure followed the EN 12457-2 protocol [27]. So, distilled
water was used as extraction fluid, at a liquid/solid ratio of
10 L/kg (2 wt%) and during 24 + 0.5 h. Then, the solution
was collected, and the concentration of the hazardous spe-
cies was measured in a total reflection X-ray fluorescence
spectrometer (TXRF—S2 PICOFOX 50 keV), with a detec-
tion limit of ppb.

Other set of leaching tests was performed according
to the EU Ceramic Directive 84/500/ECC [28], aiming to

Table 2 Chemical composition of the wastes (assessed by XRF), and
main crystalline phases detected by XRD

Residues

T 1IG ES MS
Component (Wt%)
Al O, 2.90 2.60 1.70 0.10
CaO 0.66 1.30 1.10 0.07
Fe,04 10.0 64.0 0.65 98.0
K,O 0.47 0.64 0.07 -
MgO 0.73 0.76 0.16 0.07
MnO 0.39 0.04 - 0.40
Na,O 0.61 0.64 - -
SiO, 17.0 24.0 5.60 0.46
SO, 10.0 1.00 5.80 -
P,04 0.03 0.11 4.50 -
TiO, 44.0 0.31 0.03 -
cr' 0.32 0.04 15.0 0.07
Cu* 0.03 1.60 2.20 1.10
Ni" 0.01 0.03 26.0 -
Pb* 0.04 0.46 0.90 -
Zn" 0.02 1.50 1.60 -
LOI 12.0 0.03 34.0 0.01
Main crystalline phases
Rutile (TiO,) X - - -
Pseudobrookite (Ti,FeOs) X - - -
Quartz (SiO,) X - X -
Fayalite (Fe,Si0,) - X - -
Magnetite (Fe;0,) X X - X
Wiistite (FeO) - - - X
Eskolaite (Cr,0;) - - X -
Bunsenite (NiO) - - X -
*total

@ Springer

assure the safe of ceramic tableware products, in which a
4 vol% acetic acid solution (CH;COOH) was used as the
extraction fluid. This solution was prepared using a glacial
acetic acid and distilled water. Initially, the specimens were
washed with detergent and rinsed with tap water, followed
by distilled water. After these, the samples were dried and
submerged in the acetic acid solution for 24 h at room tem-
perature. Finally, the solutions were also analysed by TXRF.

Results and Discussion
Wastes Characterisation

The chemical composition, loss on ignition (LOI) and the
main crystalline phases of the residues are shown in Table 2.
The main components of T are titanium (44 wt% TiO,), sili-
con (17 wt% Si0,), iron (10 wt% Fe,03), sulphur (10 wt%
SO;) and aluminium (2.9 wt% Al,0;). Other elements, such
as Ca, K, Mg, Mn, Cr, Cu, Na, Ni, P, Pb and Zn, were found
in concentrations below 1 wt%. Titanium is mainly present
as rutile (Ti0O,), but part of it is associated with Fe, form-
ing pseudobrookite (Ti,FeOs). Magnetite (Fe;O,) is also
present, and a small proportion of quartz (SiO,) was also
detected. These results agreed with the chemical composi-
tion obtained by XRF and are similar to those reported in
other studies [17, 18].

Iron (64 wt% Fe,0;) and silicon (24 wt% SiO,) are the
main components of IG, whereas aluminium, calcium, cop-
per, and zinc were found in proportion between 1 and 5
wt%. Other elements such as Cr, K, Mg, Mn, Na, Ni, P, Pb
and Ti are also present but in concentrations below 1 wt%.
The XRD analysis showed that Fe was mainly associated
with Si, forming fayalite (Fe,SiO,). However, a small Fe
fraction was also found as magnetite (Fe;O,). Therefore,
XRD results agreed with the chemical composition deter-
mined by XRF and are similar to those obtained by other
authors [29-31].

The ES and MS wastes employed in this work have
already been characterised in other works conducted by
some of the actual co-authors [5, 10, 12, 32]. The chemi-
cal composition of the batches used in this work are shown
in Table 2. ES is mainly composed of Ni and Cr (26 wt%
and 15 wt%, respectively), while sulphur, silicon, phospho-
rus, copper, calcium, and zinc are present in concentrations
below 10 wt%. Additionally, Fe, K, Mg, Ti and Pb, were
found in concentrations lower than 1 wt%. The main crys-
talline phases detected are bunsenite (NiO) and eskolaite
(Cr,03. The MS residue is mainly composed of iron (98%
Fe,0;) and the two crystalline phases detected were wiistite
(FeO) and magnetite (Fe;0,). The loss on ignition is very
low for IG and MS wastes, revealing absence of chemical
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Fig. 2 XRD patterns of the pigments obtained at 1000°C. Main
crystalline phases identified: Nickel chromium iron oxide (spinel)-
Fel.5Cr0.5 NiO4 (1), titanium nickel oxide (ilmenite group)-TiNiO3

decomposition upon heating. By contrast, ES shows a high
LOI, due to the presence of hydroxides and sulphates in the
sludge. Tionite also suffers chemical decomposition upon
firing, but less expressive than ES.

The particle size distribution plays a crucial role to con-
trol the mixing procedure and define the calcination tem-
perature of the pigments, as it directly impacts the reactivity.
It also affects the colour development and the hue intensity

(2), titanite-CaTiSiO5 (3), trevorite-Fe2NiO4 (4), hematite-Fe203 (5),
pseudobrookite-Fe2TiO5 (6) and quartz-SiO2 (7)

[33]. The particle size distribution of T and IG wastes is
shown in Fig. 2. The granulometric analysis was carried
out after milling in a ring miller (Retsch, RS 100, Haan,
Germany). Tionite presented a median particle size (Ds)
of 7.34 um, indicating relatively high fineness. Conversely,
iron grits show a significantly higher D5, of around 88.5 um.
Furthermore, previous studies [5, 10, 32] have reported that
ES particles have an average particles size of about 112 um,
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with a wide particle size distribution ranging from sub-
micro sizes to grains of around 500 pm (Dgy=337.9 pm)
due to the presence of agglomerates. MS, on the other hand,
initially presented a D, of 250 pm, being then reduced to
around 50 um through milling. Moreover, approximately 98
wt% of the particles were smaller than 200 pm [12]

Pigments Characterisation

The X-ray diffraction (XRD) patterns for the mixtures fired
at 1000 °C are shown in Fig. 2. The crystalline phases pres-
ent in the T:75ES 1000 mixture are a nickel-chromium iron
oxide spinel (Fe, sCr, sNiO,), titanium nickel oxide (TiNiO;)
belonging to ilmenite group (sharing the same crystalline
structure of ilmenite), and titanite (CaTiSiOs). Upon adding
cobalt (T:73ES:2Co_1000 and T:70ES:5Co_1000), a differ-
ent spinel named trevorite (Fe,NiO,) was formed alongside
the presence of titanium nickel oxide and titanite. The ther-
mal transformation of Fe,TiOs and Fe;0, [34], present in
the T residue, led to the formation of the spinel compound.
The formation of TiNiOj; results from the reaction between
TiO, and NiO present in the ES waste. [35, 36]. The avail-
ability of calcium, silicon and titanium is required for the
formation of titanite [37].

On the other hand, when tionite was mixed with iron-rich
residues (T:75MS 1000 and T:751G_1000), the resulting
pigments presented hematite (Fe,O;) and pseudobrookite
(Fe,TiOs). The formation of hematite is expected at high
temperatures from the oxidation of magnetite and wiistite
[38, 39]. In addition, quartz was detected in the mixture
T:751G_1000, due to the thermal decomposition of the fay-
alite present in I1G [40, 41] or, more probably, as unreacted
quartz present in T. The pseudobrookite detected in these
pigments comes from the T residue, from the thermal trans-
formation of rutile in the presence of Fe,O; [42]. It should
be noted that the same crystalline phases were identified in
the mixtures fired at 1100 °C.

The optical properties of the pigments calcined at 1000
°C and 1100 °C are shown in Fig. 3. Formulations obtained
from the mixtures of T and ES are dominated by Ni** and
Cr’* optical signatures (Fig. 3a). Ni displays two distinct
absorbance bands. The lower energy band (~ 13,000 cm™1)
can be assigned to Ni (II): *Ay, (°F) — °T,,(’F) transitions,
while a weaker band, around 19,000 cm™', corresponds to
Ni (I1): *Ag,(’F) — 'Ty,('D) transitions [5, 43]. Cr presents
two bands at ~ 14,500 cm™ ! and 22,000 cm™ !, which can be
related to Cr (I11): *A,,(*F) — *T,,(*F) and Cr (I11): *A,,(F)
— 4T1g(4F) transitions, respectively [43—45]. According to
previous studies [9, 44], the lower energy absorbance bands
(i.e., 13,000-14,500 cm™!) of Ni** and Cr’* are respon-
sible for blue/green colouration, whilst the higher energy
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absorbance bands (i.e., 19,000-22,000 cm™ 1) contribute to
red/orange colouration.

The pigments obtained from mixtures of T: MS and T: IG
are dominated by Fe>* optical signatures (Fig. 3b). Fe exhib-
its two appreciable absorbance bands at ~ 18,000 cm™' and
25,000 cm™!, that are due to Fe (III): °A,(°S) — *E,*A(*G)
and Fe (IIT) °A,(°S) — “E,’T(*D) transitions, respectively
[5, 43, 46]. According to the literature [9], these absorption
bands are responsible for the observed red/orange/yellow
hues. In all cases, the optical spectrum of these pigments
reveals large energy signals (>27,000 cm™!) that can be
attributed to charge transfers between metals and oxygen
[43].

The CIELab colour coordinates of the pigments are
presented in Table 3. In general, it is observed that as the
firing temperature increases from 1000 °C to 1100 °C, the
lightness (L*) as well as the red (a*) and yellow (b*) hues
decrease, which is in agreement with other studies [9, 47].
In the case of the T: ES: Co;0, mixture, the addition of
cobalt did not cause significant changes in the lightness,
which ranged between 26 and 29, for T: ES: Co;0, fired
at 1000 °C, and 35-39 for T: ES: Co;0, fired at 1100 °C.
However, the pigment T:72ES:3Co_1100 showed a notice-
able increase in lightness, likely due to a combined effect of
increased cobalt content and firing temperature. However,
cobalt addition led to a slight decrease in red hue, from 0.96
to -0.05 for pigments T:75ES 1000, T:73ES:2Co 1000
and T:73ES:5Co_1000 and from 0.84 to -0.52 for pigments
T:75ES 1100; T:73ES:2Co_1100 and T:73ES:5Co_1100.
Conversely, the yellow-blue component exhibited sig-
nificant changes with cobalt addition. The values shifted
from 2.45 (for T:75ES 1000) to -0.28 and —0.48 (for
T:73ES:2Co 1000 and T:70ES:5Co 1000, respectively)
and from values 2.13 (for T:75ES_1100) to -1.36 and — 1.23
(for T:73ES:2Co 1100 and T:70ES:5Co 1100, respec-
tively), indicating an increase of the blue hue. It is worth
noting that increasing the Co amount in the pigment fired at
1000 °C intensifies the blue hue. Therefore, the cobalt addi-
tion leads to a decrease in the a* and b* colour coordinates,
in agreement with previous studies [11, 16].

The T: MS and T: IG mixtures exhibited noticeably
higher lightness compared to the T: ES: Co;0, mixtures,
with the exception of the pigment T:70ES:5Co_1100, which
displayed a similar value to that obtained for these mixtures
at 1100 °C (colour coordinate L*~ 45—47). Furthermore, the
red and yellow hues were significantly intensified, result-
ing in distinctive brownish tone hue attributed to the forma-
tion of pseudobrookite. Previous studies have highlighted
pseudobrookite’s structural characteristics as the key factor
responsible for this specific hue [9, 46].

The results of the pigments leaching are presented in
Table 4. To assess their inertness, the data were compared to
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Fig. 3 Optical spectrum of the )
pigments fired at 1000 °C and
1100 °C. (a) T: ES: Co mixtures.
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Table 3 CIEL*a*b colour coordinates of the obtained pigments

Pigment ID L* a* b*

0 (Black) to 100 (+Red, (+ Yellow,

(White) - Green) -Blue)
T:75ES_1000 26.28+0.63 0.96+0.11 2.45+0.15
T:75ES_1100 35.57+0.16 0.84+0.01 2.13+0.02
T:73ES:2Co_1000  28.35+0.06 -0.04+0.02  -0.28+0.02
T:73ES:2Co_1100  45.99+0.14 -0.52+0.01 -1.36+0.01
T:70ES:5Co_1000  28.97+0.05 -0.05+0.02  -0.48+0.01
T:70ES:5Co 1100  38.62+0.59 -0.55+0.03  -1.23+0.04
T:75MS_1000 38.53+0.09 2.15+0.05 2.08+£0.08
T:75MS_1100 45.01+0.77 -1.25+0.02  -1.89+0.03
T:751G_1000 36.60+0.10 7.41+0.04 5.20+0.03
T:751G_1100 46.57+0.01 0.65+£0.02 0.02+0.01

22500 27500 37500

Wavenumber (cm)

32500

the thresholds established in the Directive 2003/33/EC [48],
which defines the limits for inert (IM) and non-hazardous
materials (NHM). All the pigments composed of ES, with
high Ni and Cr contents, can be classified as non-hazard-
ous materials as the leached concentrations of Ni and Cr
are below the limit of 10 mg/kg. However, an exception
was observed with the pigment T:70ES:5Co_1000, which
slightly exceeded the Ni limit (13 mg/kg) and hence can-
not be considered non-hazardous material. In contrast, the
pigment T:70ES:5Co_1100 can be classified as inert mate-
rial since neither Ni nor Cr were detected in the leachate,
and Cu and Zn concentrations did not surpass the limit. The
reactivity intensification imparted by the firing temperature
improves the immobilization of Cr and Ni [6, 49].
Pigments T:75MS 1100, T:751G_1000 and T:751G_1000
can be considered inert since leachates contain low contents

@ Springer
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Table 4 Leached concentrations of tested pigments

Pigment ID As Cr Cu Ni Pb Zn
Leached concentration (mg/kg)®

T:73ES:2Co_1000 - 4.1 - 4.8 - -
T:73ES:2Co_1100 - 0.7 0.2 0.5 - 0.9
T:70ES:5Co_1000 - 0.8 - 13.0 - 0.3
T:70ES:5Co_1100 - - 0.8 - - 1.0
T:75MS_1000 3.1 - 0.1 0.1 - 0.5
T:75MS_1100 - - 0.1 0.1 - 0.2
T:751G_1000 - - - - - -
T:751G_1100 - - - - 0.2 -
M® 0.5 0.5 2.0 0.4 0.5 4.0
NHM® 2.0 10.0 50.0 10.0 10.0 50.0

@ mg of leached component per kg of original dry material

®) Thresholds for inert material (IM) and non-hazardous material (NHM) are defined according to Directive 2003/33/EC [48], for landfilling

purposes

of hazardous species, such as As, Cr, Cu, Ni, Pb and Zn.
For T:751G_1100, only a small amount of Pb was detected,
which remained below the limit of 0.5 mg/kg [48]. As for the
pigment T:75MS_1000, it cannot be categorized as either
non-hazardous material or inert material since the leached
concentration of As exceeded both the 0.5 and 2 mg/kg
limits [48]. However, the pigments T:70ES:5Co_1000 and
T:75MS_1000 leached low amounts of Ni and As. In agree-
ment with other studies, these elements can be immobilized
in a ceramic matrix, especially when further incorporated in
minor amounts, ensuring desirable inertness after the final
firing process [10, 12].

Colour Development of Ceramic Paste and Transparent
Glaze

As previously mentioned, the colour development of the
obtained inorganic pigments was evaluated by adding them
to a transparent glaze (G) and to a ceramic paste (P). All
the prepared pigments underwent testing in colouring the
ceramic paste. The images and CIEL*a*b* colour coor-
dinates are shown in Fig. 4, demonstrating brownish and
greyish hues. Furthermore, it is observed that as the amount
of incorporated pigment increases from 3 wt% to 5 wt%,
the lightness decreases, as well as the red (a*) and yellow
(b*) hues of the T: ES: Co;0, pigments fired at 1100 °C.
Similar behaviour was observed for the T: MS 1100 and T:
IG_1100 pigments.

As expected, the pigments fired at 1100 °C showed greater
tinting power compared to those fired at 1000 °C, except-
ing the pigment T: IG_1100. The pigments with higher
colouring power were T:75ES 1100, T:73ES:2Co_1100,
T:70ES:5Co_1100 and T: MS_1100, leading to a significant
decrease in lightness (>28%) and the yellow hue compared
with paste without pigment; the b* coordinate became posi-
tive for T:75ES_1100, T:73ES:2Co_1100, corresponding to

@ Springer

a yellow hue, originating brownish ceramic pastes. In con-
trast, when T:70ES:5Co 1100 and T: MS_ 1100 pigments
were added to the ceramic paste, the blue hue increased,
leading to greyish ceramic pastes. Based on the colour
development of these four pigments in the ceramic paste,
their colouration in a transparent glaze was also studied, and
data is presented below.

The impact of pigment addition on the sintering process
of the ceramic product was assessed by evaluating the total
shrinkage and weight loss of the coloured ceramic pastes.
The results are presented in Fig. 5. The total shrinkage var-
ied between 4.0 and 12.5%. This variation can be attributed
to factors such as the chemical and mineralogical composi-
tion of raw materials (including the pigments that contain
fluxing elements), mixing ratio, or the particle size distri-
bution [50, 51]. The unpigmented ceramic paste used as a
reference showed a total shrinkage of 8%, falling within the
typical range of these type of ceramic products (8—13%) [10,
52]. Furthermore, as the pigment addition increased from 3
wt% to 5 wt%, the total shrinkage also increased, except
for T:75MS_1100/P5 where the total shrinkage decreased
around 45%.

Regarding the weight loss (Fig. 5), the non-pig-
mented ceramic paste exhibited similar values to the
coloured ceramic pastes (5-7 wt%), except for specimen
T:75ES_1000/P3, where the value was 14%. This variation
can potentially be attributed to the presence of calcium car-
bonate and calcium sulphate in the T:75ES 1000 pigment,
introduced by the electroplating sludge (see Table 2). The
sulphate only decomposes above 1000 °C [8].

Figure 6 shows representative images of coloured trans-
parent glazes fired at 1100 °C, along with their correspond-
ing CIEL*a*b* colour coordinates. The specimens that
presented stronger hues were T:70ES:5Co 1100/G3 and
T:73ES:2Co_1100/G3, whose pigments contain cobalt (5
wt% and 2 wt% Co;0,, respectively). As anticipated, the
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Paste without
pigment

T:7SES_1000/P3

T:7SES_1100/P3

T:73ES:2Co_1000/P3  T:73ES:2Co_1100/P3

L* 68.1£0.6 51.41+0.06 4578 £0.05 4729 +0.04 455+0.2
a* -0.15+0.01 2.23+0.01 3.81+£0.02 1.05+0.01 1.23 £0.02
b*  11.51+0.06 11.09+£0.01 12.59+0.01 9.97£0.01 9.05+0.11

T:73ES:2Co_1100/P5 T:70ES:5Co_1000/P3 T:70ES:5Co_1100/P3 T:70ES:5Co_1100/P5

T:7SMS_1000/P3

L* 40.7+0.4 49.5+0.1 48.67+0.02 43.1+04 51.20+0.05
a* 0.99+0.07 -0.25+£0.01 -0.46 £ 0.01 -0.77 £0.04 -0.66 £0.03
b* 8.58+0.12 7.75£0.02 6.82£0.02 6.45£0.06 6.68 £0.98

T:7SMS_1100/P3 T:7SMS_1100/P5

T:751G_1000/P3

T:751G_1100/P3 T:751G_1100/P5

L* 48.44+0.07 44.5+£0.6 48.5+0.2 52.38 £0.02 472 +1.1
a* -0.31+£0.01 0.55+0.01 0.55+0.01 -0.11+£0.01 0.22 +0.08
b* 5.84+0.01 8.57+0.13 7.96 £0.11 6.73 £0.01 10.22 £0.09

Fig. 4 CIEL*a*b* colour coordinates of ceramic paste specimens loaded with 3—5 wt% of waste-based ceramic pigments and fired at 1220 °C
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Fig. 5 Effect of the pigment addition on the specimen’s total shrinkage and weight loss

glaze lightness decreased with increased cobalt content in
the pigment (T:70ES:5Co 1100/G3>T:73ES:2Co_1100/
G3>T:75ES _1100/G3). In addition, the yellow hue
(b*) decreased, while the red and green components (a*)
showed no significant variation. Moreover, the speci-
men T:75ES 1100/G3 demonstrated higher lightness (L*
~ 51.4) compared to pigments with cobalt, suggesting a
weaker colouring power [53]. For this reason, this mixture
may not be suitable for colouring this glaze, as it would

require a large amount of the pigment to reach the desirable
hue [1, 53].

On the other hand, the glaze specimen T: MS 1100/
G3 presented a brown hue. As expected, the lightness and
yellow hue were high, with a slight green component. The
image of T: MS 1100/G3 (Fig. 6) reveals the presence of
tiny bubbles, indicating a reaction between the pigment
and the transparent glaze. Consequently, this mixture is not
suitable for colouring this glaze due to its lack of chemical

@ Springer
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Fig.6 CIEL*a*b* colour
coordinates of transparent glaze
specimens loaded with 3 wt% of
waste-based ceramic pigments
and fired at 1100 °C

T:7SES_1100/G3

L* 51.38 £ 0.01
a* -1.69 +£0.01
b* 2.11+0.01

Table 5 Concentration of different elements leached out from the
ceramic pastes at room temperature

Specimen ID Cd Cr Fe Ni Pb
Concentration (ug/L)
<20®  <50®™  <200® <20 <200
(b) (@)
Paste without <04 0 130 6
pigment
T:75ES_1000/P3 0 160 37
T:75ES_1100/P3 0 53 19
T:73ES:2Co_1000/ 5 88 40
P3
T:73ES:2Co_1100/ 0 92 18
P3
T:73ES:2Co_1100/ 0 62 59 <0.1
P5
T:70ES:5Co_1000/ 0 70 31
P3
T:70ES:5Co_1100/ 8 110 86
P3
T:70ES:5Co_1100/ 0 65 15
P5
T:75EMS_1000/P3 7 150 9
T:75MS_1100/P3 0 75 9
T:75MS_1100/P5 0 55 7
T:751G_1000/P3 0 67 6
T:751G_1100/P3 4 93 27

T:751G_1100/P5 0 82 6
@ Limit values - drinking water: Council Directive 98/83/EC [54]
® Limit values - mugs: EU Ceramic Directive 84/500/EEC [28]

stability. According to some authors [1, 2], chemical stabil-
ity is a crucial requirement for a ceramic pigment.

Acetic acid solution (4% v/v) leaching results of ceramic
pastes are shown in Table 5. The limits permitted for Pb and
Cd are 200 and 20 pg/L, respectively, in agreement with
the European Union Ceramic Directive 84/500/ECC [28].
However, this directive does not specify limits for Cr, Fe
and Ni. For this reason, the limits established in the Coun-
cil Directive 98/83/EC [54] for drinking water were here
adopted for these elements, since we are dealing with table-
ware products. The limit concentrations of Cr, Fe and Ni are
50, 200 and 20 pg/L, respectively.

@ Springer

T:73ES:2Co_1100/G3

|

T:70ES:5Co_1100/G3

T:75SMS_1100/G3

40.60 £ 0.01 38.83 £ 0.01 48.65+0.36
-0.06 +0.01 -0.67 £ 0.01 -0.66 + 0.04
0.53+£0.01 -3.28 +£0.01 6.56 +0.24

For all specimens, Cd and Pb concentrations in the
leachate did not exceed the permissible limits (200 and
20 pg/L, respectively). Cr and Fe leached concentra-
tions were also below the limits allowed for drinking
water (50 and 200 pg/L, respectively). However, for
the specimens T:75ES 1000/P3, T:73ES:2Co_ 1000/
P3, T:73ES:2Co_1000/P5, T:70ES:5Co_1000/P3,
T:70ES:5Co_1100/P3 and T:751G_1100/P3, the concentra-
tion of Ni in the leachate surpassed the adopted permissible
limit (20 pg/L). Thus, the pigments used in these specimens
cannot be considered as a substitute for commercial pig-
ments or higher firing temperatures might be used in their
preparation. On the other hand, the leached concentration
of Ni for the rest of the samples was below the limit. In
general, when 3 wt% of pigment is used in the ceramic
paste, the concentration of toxic species in the leach-
ate was lower than the limit values for Cd, Cr, Fe, Ni and
Pb. Consequently, the T:75ES 1100, T:73ES:2Co 1100,
T:75MS_1000, T:75MS 1100 and T:75IG_1000 pigments
can be used to colouring the ceramic paste, replacing par-
tially or entirely the commercial pigments, depending on the
desired colour. Vilarinho et al. [55] performed a life cycle
assessment (LCA) on a stoneware cups production and the
use of pigment represented 15% of the total carbon footprint
of the process. Further, according to Alifieris et al. [56] very
little information on this subject can be found in the litera-
ture. However, through a LCA on a Cr-based pigment, the
authors concluded that the major impact, 96% of the total
CO, emissions, are related to the raw materials. Therefore,
the use of wastes as raw materials for pigment production
is very appealing once it can reduce: (i) the total CO, emis-
sions of the production process, (ii) the quantity of wastes
deposited in landfills; (iii) the dangerous potential of certain
species, since they are immobilized in the pigment struc-
ture or in the final products; (iv) the consumption of virgin
raw materials. Further, as the used wastes still do not have
a commercial value in many countries, their price can be a
commercial advantage for the pigment industry.
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Conclusions

This work aimed to produce inorganic pigments from
four industrial wastes (tionite, electroplating sludge, mill
scale and iron grit) and assess their colouring potential in
a ceramic paste and in a transparent glaze. The obtained
results showed that:

e Dark pigments were produced with the mixtures T: ES:
Co;0,, T: MS and T: IG, independently of the firing
temperature (1000°C and 1100 °C).

e [ caching tests revealed that the developed pigments can
be considered non-hazardous or inert, since their leach-
ates exhibited low concentrations of toxic species, ex-
cept for T:70ES:5Co_1000 and T:75MS_1000 pigments
that leached Ni and As, respectively, in concentrations
slightly above the limit (Ni:13.0 mg/kg and As:3.1 mg/
kg).

e The increase in firing temperature improved the immo-
bilization of toxic species.

e The pigments fired at 1100°C presented higher tint-
ing power than those fired at 1000°C. T:75ES 1100,
T:73ES:2Co_1100, T:70ES:5Co_1100 and T: MS_ 1100
showed stronger colouring power, resulting in appealing
brownish and greyish hues in both products.

e Leaching results attest the safety of using T:75ES 1100,
T:73ES:2Co_1100, T:75MS 1000, T:75MS 1100 and
T:75IG 1000 pigments in ceramic stoneware paste.
Therefore, partial or complete replacement of commer-
cial pigments is feasible.

Concluding, this work provided a new value-added appli-
cation for the selected hazardous industrial wastes as pig-
ments for use in ceramic products. By effectively removing
hazardous wastes from the environment and reducing the
dependency on primary raw materials, this approach dem-
onstrates significant potential for developing sustainable
and eco-friendly products.
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