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Abstract: Mill scale (MS) is a iron-rich waste generated in the wire drawing process with high iron
content and is still mainly disposed in landfills. The scientific community has been studied its use
in other applications such as pigments, concretes, among others. This work aims to study a new
added-value application for MS—the development of coloured ceramic pastes. For this purpose,
the influence of the added amount (0, 1, 3, 5 and 10 wt.%), the pre-treatment (milling + sieving at
212 µm), the maximum firing temperature (from 1043 to 1165 ◦C) and the type of furnace (labora-
tory/industrial) were analysed on the sample’s characteristics. A dark grey stoneware product was
obtained through the incorporation of 10 wt.% of MS and leaching tests conducted at pilot scale with
cups confirmed its immobilization in the ceramic matrix. Furthermore, it was proved that the firing
temperature can be reduced by about 100 ◦C without affecting the specimen’s characteristics. This
reduction leads to a considerable decrease in the energy consumption upon firing, inducing economic
and environmental advantages. Therefore, this work provides a new added-value application for
MS and contributes to the reduction of virgin raw materials consumption and development of more
sustainable stoneware products.

Keywords: mill scale; waste valorization; stoneware ceramics; circular economy; industrial symbiosis

1. Introduction

Population growth and the consequent economic development impose an increase
in goods demand and raw materials and energy consumption, which can generate scarcity
of natural resources and also the increase of the amount of generated wastes [1]. Nowadays,
solid waste management is one of the major worldwide concerns. Improper solid waste
disposal can lead to substantial negative environmental impacts such as air, soil and water
pollution, greenhouse gas emissions and health and safety problems i.e., diseases spread
by insects and rodents attracted by garbage heaps and other diseases associated with
pollution [2]. In 2018, the total waste generated by the European Union (27 Member States)
reached 2.3 billion tonnes, whose final destination included: (i) landfilled, incinerated with-
out energy recovery or disposal otherwise (45.8%); (ii) recycling (38.1%); (iii) backfilling
(10.1%); and (iv) incineration with energy recovery (6.0%) [3]. The United Nations defined
the 2030 Agenda, involving 17 Sustainable Development Goals. Goal 12 attempts to ensure
sustainable consumption and production patterns, aiming to achieve sustainable manage-
ment and the efficient use of natural resources. Furthermore, it includes the substantial
reduction of waste through prevention, reduction, recycling and reuse [4].

Metals are one of the most important types of materials mainly due to their properties
in terms of fracture toughness, thermal and electrical conductivity and performance at high
temperatures. Therefore, this family of materials is, nowadays, used in a wide range of
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applications such as in the areas of machinery, energy, transportation, construction, infor-
mation technology and electrical appliances [5]. Steel wire production has a global market
evaluated at e 78 billion in 2018 with an expected compound annual growth rate, CAGR,
of 2.7% between 2018 and 2026 [6]. A wire drawing machine is normally used to reduce
the cross-section of the wire by pulling it through a series or single-drawing dies. This
process generates a solid waste, commonly known as mill scale (MS), that is rich in iron
oxides, namely: Fe2O4, Fe2O3 and FeO [7]. The mill scale represents about 2% of the total
produced wire and, in 2019, ≈37 million tonnes of MS were generated worldwide [8,9].
Numerous efforts for recycling MS have been implemented, either internally or by distinct
industrial sectors. However, a substantial quantity of mill scale is still disposed of in land-
fills since no viable technology was developed to massively recycle the waste [9–11]. On
this wise, the scientific community together with the industrial sector has been trying to
develop new high add-value applications. To recover the iron from the mill scale, the re-
duction of the iron oxides is required. This reduction can be conducted in a blast furnace
in the presence of an external reducing agent or a carbon powder waste [12]:

xC(s) + xCO2(g)→ 2xCO(g) (1)

FexOy(s) + yCO(g)→ xFe(s) + yCO2(g). (2)

Nevertheless, due to the high energy consumption and greenhouse gas emissions,
other applications have been studied, including: pigments [13,14]; briquettes, to be rein-
troduced in the liquid steel transformation as a ferrous source [15]; concrete production,
to increase the compressive strength and decrease the electrical resistivity [16–18]; bipolar
plates, a multi-functional component of proton exchange membrane (PEM) fuel cell [19];
production of FeCo alloy [20] among others.

Iron oxide-based pigments are widely used, for example, in paints, coatings, enamels,
and plastics [21]. Therefore, the preparation of iron oxide pigments from mill scale has been
studied, more specifically, high-quality iron oxide pigments, namely magnetite, goethite,
hematite and maghemite, from mill scale were studied [11,22]. The authors concluded
that it was possible to obtain pigments with acceptable purity and good morphological
properties through simple and cost-effective methods. The development of anti-corrosive
paints using mill scale was also studied [23]. Different incorporation levels (1 to 15 wt.%)
in two commercial paints were tested and the authors concluded that, for each paint, there
is an optimum concentration of MS regarding its anti-corrosion properties. Additionally,
the preparation of ceramic glazes from steel waste was investigated [21]. The authors
observed that the mill scale pre-treatment (mechanical and thermal) and added amount
(1 and 10 wt.%) influenced the glaze brownish hue.

In the ceramic industry, the interest on coloured pastes has been rising mainly due
to the various aesthetic effects resulting from the surface relief of the pieces. Moreover,
coloured pastes simplify the ceramic production process since the same glaze can be used,
reducing the wasted amount and the time spent to change it. In addition, a problem that
ceramic industries are facing nowadays is the need to camouflage possible contaminants
resulting from the re-utilization of industrial waste/by-products. Consequently, the present
work aims to investigate a new value-added application for the mill scale as a colouring
agent of stoneware pastes. Different MS proportions, type of furnace and firing temperature
were tested. Pilot-scale produced cups were subjected to leaching tests in order to check
the iron oxide immobilization and provide the proof of the concept of using mill scale
in this application.

2. Materials and Methods
2.1. Materials

A typical stoneware ceramic paste provided by Grestel-Produtos Cerâmicos S.A. was
used for the incorporation of mill scale (MS) generated by Fapricela-Indústria de Trefilagem
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S.A. Dolapix PC67 was the commercial deflocculant added to adjust the viscosity of the slurry.
Finally, for the leaching experiments, glacial acetic acid, from Fisher Chemical, was used.

2.2. Samples Preparation

Mill scale was subjected to a pre-treatment in order to evaluate the effect of its gran-
ulometry on the characteristics of the samples. The MS was grounded on a Retsch RS
100 ring mill at 1400 rpm for about one minute, followed by sieving at 212 µm. Several
amounts (1 to 10 wt.%) of the waste were incorporated into the stoneware paste. Moreover,
the material in the as received condition was incorporated in the highest concentration
(10 wt.%), as shown in Table 1. The numbers express the added amount of MS and r means
as received mill scale.

Table 1. Tested compositions.

Samples MS0 MS1 MS3 MS5 MS10 MS10r

(wt.%)

Stoneware Paste 100 99 97 95 90 90
MS (pre-treated) - 1 3 5 10 -
MS (as received) - - - - - 10

To produce the samples, the following steps were used: (i) slurry preparation; (ii) con-
formation by slip casting; (iii) drying and firing. The suspensions were homogenized
in a turbo diluter and the determination of the amount of suspension to be used in the dif-
ferent formulations was calculated using the Brongniart formula [24]:

W = (P− 1000)
s

s− 1
, (3)

where W is the weight (g) of solids in 1000 mL of slurry, P is the target density of the slurry
(g/cm3) and s is the specific gravity of the dried ceramic material for which the value of
2.6 g/cm3 was considered. Subsequently, the respective MS amount was added to each
of the formulations (Table 1) and the suspension was homogenized, once again, using
the turbo diluter. Finally, the slip density was adjusted to 1725 g/cm3 (by adding water),
and the viscosity to 30 s in a 4 mm Ford cup (by adding Dolapix PC67) which are the values
used industrially for the slip casting process [25].

In this work, two types of samples were prepared: specimens (10.8 × 1.8 × 0.9 cm3,
see Figure 1) and cups (height = 7.3 cm and diameter = 7.2 cm). For this purpose, the slips
were sieved (at 425 µm) and cast into gypsum moulds. In the case of cups, to reach
the desirable wall thickness, the cast lasted 30 min and then the excess slip was poured out
of the mould. In both cases, the samples remained in the mould overnight, at room
temperature, being removed afterwards. The drying procedure was: 1 day at room
temperature and then 12 h at progressively higher temperatures (40, 80 and 120 ◦C).
The specimens were fired in two furnaces: laboratory and industrial. The laboratory
furnace is a muffle and has air ventilation while the industrial one operates continuously
and can achieve faster cooling rates. Nevertheless, the firing cycle used was similar
in both cases and had the following steps: (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 the desired maximum temperature and 30 min
of dwell time; and (iv) cooling until ambient temperature. The cups were only fired
in the industrial furnace and, before firing, were glazed, at Grestel, with an opaque white
glass. The achieved maximum temperatures were measured with Buller rings (from Mantec
refractories, reference TR27/84) being 1160 ◦C and 1165 ◦C, respectively.

Additionally, to analyze the influence of the firing temperature on the final properties
of specimens containing the highest percentage of residue lower firing temperatures were
also posted (until 1043 ◦C; laboratory furnace).
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Figure 1. Fired specimens at laboratory and industrial furnaces with the respective colour CIELab coordinates.

2.3. Characterization Techniques
2.3.1. Physicochemical Characteristics of Mill Scale

The chemical composition of the MS was obtained by X-ray fluorescence (XRF)
in 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 diffraction
in a Coulter LS analyzer (LS 230, Fraunhofer optical model). Furthermore, the waste
as received and after being pre-treated (ground + sieved at 212 µm), was carbon-coated
and observed by Scanning Electron Microscopy (SEM, Hitachi S-4100, 25 kV acceleration
voltage, Tokyo, Japan). X-ray diffraction (XRD) analyses of the mill scale, at ambient
temperature and calcined, were performed using a PANalytical XPert PRO diffractometer
(Ni-filtered CuKa radiation, PIXcel 1D detector, and the exposition corresponded to about
2 s per step of 0.02◦ 2θ at room temperature).

2.3.2. Specimens Characterization

The characterization of the samples was carried out using five replicates in each test.
The linear firing shrinkage was evaluated by measuring the length of the specimen before
and after being fired. The fired samples were characterized in terms of (i) weight loss (%)
relative to the weight of the dried specimen; (ii) apparent density (g/cm3) determined from
the sample weight and size; (iii) water absorption (%) determined by the difference of weight
between the dry specimen and the specimen immersed for 2 h in boiling water—[26]); (iv) three-
point flexural resistance (MPa) using a universal testing machine (load cell of 20 MPa)—
Shimadzu Autograph AG-25TA; (v) microstructure of fracture surfaces (Scanning Electron
Microscopy/Energy Dispersion Spectroscopy—SEM/EDS, Hitachi S-4100, 25kV acceleration
voltage, Tokyo, Japan); and (vi) L*a*b* colour coordinates using a Konica Minolta Chroma
Meter CR-400. The CIEL*a*b* data are expressed as brightness L*, changing from 0 (black)
to 100 (white), a* (+ red, −green), and b* (+ yellow, −blue) [27]. The difference of the L*a*b*
coordinates (∆E), between the specimens with the same composition but fired in different
furnaces (industrial (ind) and laboratory (lab)), was evaluated as follows:

∆E =
[
(Lind − Llab)

2 + (aind − alab)
2 + (bind − blab)

2
]0.5

(4)

where 0 < ∆E < 1 means that colour differences cannot be perceived by the standard ob-
server; 1 < ∆E < 2 only perceived by an experienced observer; 2 < ∆E < 3.5 an inexperienced
observer can detect differences; 3.5 < ∆E < 5 everyone can see the differences [28].
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2.3.3. Leaching Experiments

To perform the leaching tests according to the EU Ceramic Directive 84/500/EEC [29]
a solution with 4% acetic acid (CH3COOH) was prepared. The glazed cups were washed
with detergent, tap water and finally distilled water. Once dried, they were filled with
the 4% acetic acid solution and covered with aluminum foil. After 24 h, the solutions were
stirred and the amount of lead (Pb), cadmium (Cd) and iron (Fe) were analyzed in an
ICP-MS 7700 Thermo X Series. According to the EU Ceramic Directive 84/500/EEC, stock
solutions were prepared: (i) 1000 mg/L of lead in 4 vol.% acetic acid solution and (ii) at
least 500 mg/L of cadmium in 4 vol.% acetic acid solution. In addition, it was guaranteed
that the detection limit for lead and cadmium was equal or lower than the required by
the EU Ceramic Directive 84/500/EEC: 0.1 mg/L for lead and 0.01 mg/L for cadmium.
The detection limit for lead used in this work was 0.001 mg/L. The maximum permitted
values of lead and cadmium are 200 and 20 µg/L, respectively, according to the EU Ceramic
Directive 84/500/EEC. However, for iron, the EU legislation has not defined any limits
until the present date but according to the Council Directive 98/83/EC [30], the maximum
concentration of total iron in drinking water for human consumption is 200 µg/L.

3. Results and Discussion
3.1. Mill Scale Characterization

The chemical composition and loss on ignition (LOI) of the mill scale were determined,
see Table 2. As expected, the main component is iron (≈97.5 wt.%) and the LOI value is
almost null (0.01 wt.%).

Table 2. Average chemical composition of MS.

Component Fe2O3 Cu SiO2 MnO Al2O3 CaO MgO Cr LOI

wt.% 97.53 1.12 0.46 0.4 0.1 0.07 0.07 0.07 0.01

SEM micrographs of MS, as received and ground, (Figure 2), confirmed these results
and showed that particles have an irregular shape. The particle size distribution of the MS,
as received and ground, is shown in Figure 3. The median diameter, D50, of the as-received
material is about 250 µm and the D75 is 425 µm. Due to the possible particle’s agglomeration
during these analyses, the as-received MS was sieved through a 425 µm sieve being the non
passant fraction only 0.2 wt.% which means that almost all particles have a diameter below
425 µm. Moreover, as expected, the milling of MS promoted a considerable decrease of
the particle size, D50 ≈ 50 µm and about 98% of the particles <200 µm. Therefore, for
the incorporation of MS in the stoneware paste, a sieve mesh of 212 µm was used.

(a) (b)
Figure 2. SEM mill scale micrographs: (a) as received, (b) grinded.
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Figure 3. Particle size distribution of MS.

The crystalline phases of MS were also analysed (Figure 4) and according to the XRD
result the as received MS has two crystalline phases: wuestite (FeO) and magnetite (Fe3O4).
After calcination at 1160 ◦C the material exhibits a higher crystallinity and only one crys-
talline phase was detected: α-Fe3O4 (hematite)—Figure 4b. In fact, magnetite and wuestite
undergo thermal transformations in the presence of air and, in both cases, the final product
is hematite [31]:

Fe3O4︸ ︷︷ ︸
Magnetite

O2,T−−→ αFe2O3︸ ︷︷ ︸
Hematite

(5)

αFeO︸ ︷︷ ︸
Wuestite

O2,T−−→ FeO · Fe2O3︸ ︷︷ ︸
Magnetite

O2,T−−→ αFe2O3︸ ︷︷ ︸
Hematite

(6)
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Figure 4. X-ray diffraction (XRD) patterns of mill scale: (a) as received; (b) calcined at 1160 ◦C.

3.2. Specimens Characterization

The crystalline phases of the stoneware paste, with and without the incorporation
of MS, fired at 1160 ◦C were analyzed and the XRD patterns are presented in Figure 5.
The main difference between the two patterns of the stoneware is that the paste with mill
scale exhibits one more phase: hematite. This shows that the phase transformations of
the MS are maintained when incorporated in the stoneware paste.
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Figure 5. XRD of fired specimens without and with MS, bottom and top, respectively: M—mullite;
Q—quartz; H—hematite.

Values of shrinkage upon firig, in laboratory and industrial furnaces, are presented
in Figure 6. Herein, it is possible to observe that the samples fired in the industrial
furnace always exhibit lower values which might indicate that a lower densification degree
was attained. This is explained by the faster cooling obtained with the industrial kiln.
Nevertheless, the linear firing shrinkage (LFS) values for most of the tested compositions
are within the industrial limits, 7% (Figure 6). The weight loss, geometric density and water
absorption of the prepared samples are presented in Table 3. The incorporation of MS
decreases the weight loss due to the almost null LOI value of the waste. Accordingly, MS10
and MS10r specimens present the lowest values (≈4.7 wt.%) since they contain a lower
amount of ceramic compounds. All specimens exhibit values below the industrial limit
(7 wt.%). Regarding the density, it is observed that it rises with the increase of the MS
amount whereas the water absorption decreases. The water absorption values are below
the company’s limits (2–3%) and below the reference, MS0, 0.2%. Furthermore, it is also
possible to notice that the density and the water absorption of the MS3 and MS10 samples
are very similar, which confirms that 3 wt.% of MS gives rise to a sufficient amount of
liquid phase to promote the densification of the sample and that the addition of a higher
percentage of MS does not contribute to higher densification.

0

2

4

6

8

10

MS0 MS1 MS3 MS5 MS10 MS10r

Sh
rin

ka
ge

 (%
)

Sample

LFS - Lab

LFS - Ind

Figure 6. Effect of the MS amount, performed pre-treatment and furnace on the specimens firing
and total shrinkage, LFS and LTS respectively.
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The flexural strength of the prepared specimens was evaluated and the results are
presented in Figure 7. It can be observed that the incorporation of MS promotes an increase
of the specimen’s mechanical strength (from 35 MPa to 45 MPa, MS0 and MS3, respec-
tively). However, the values stabilize for amounts greater than 3 wt.%, reaching 44.9 MPa
and 45.5 MPa for MS5 and MS10, respectively. This fact can be related to the quantity of
the liquid phase formed during sintering. The amount resulting from the incorporation of
3–5 wt.% of MS seems to be sufficient to fill the sample’s porosity and promote its almost
total densification. The addition of larger amounts of MS no longer affects the densification
of the sample but does not deteriorate the properties. Consequently, it can be concluded
that it is possible to add up to 10 wt.% of MS. Comparing the flexural strength of the sam-
ples sintered in the laboratory and industrial furnaces, MS0 and MS10, it is observed that
higher values were obtained at the laboratory. This is coherent with the higher matura-
tion achieved in lab conditions, c.f. Table 3. Moreover, the flexural strength values are
within the limits imposed by the company: 30–50 MPa.

Table 3. Influence of the MS amount, pre-treatment and firing conditions on weight loss (WL), water absorption (WA)
and geometric density (D) of the samples.

Sample MS0 MS1 MS3 MS5 MS10 MS10r

Furnace Lab Ind Lab Lab Ind Lab

WL (%) 6.01 ± 0.06 5.9 ± 0.1 6.09 ± 0.02 5.77 ± 0.05 5.56 ± 0.08 4.80 ± 0.09 4.60 ± 0.03 4.7 ± 0.1
WA (%) 0.2 ± 0.02 0.47 ± 0.02 0.18 ± 0.02 0.16 ± 0.02 0.06 ± 0.02 0.07 ± 0.02 0.04 ± 0.02 0.07 ± 0.02

D (g/cm3) 2.24 ± 0.01 2.14 ± 0.01 2.26 ± 0.01 2.32 ± 0.01 2.38 ± 0.01 2.39 ± 0.01 2.26 ± 0.01 2.27 ± 0.01

0

20
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MS0 MS1 MS3 MS5 MS10 MS10r

Fl
ex

ur
al

 S
tr

en
gt

h,
 σ

 (M
Pa

)

Sample

Laboratorial furnace

Industrial furnace

Figure 7. Effect of the MS amount, performed pre-treatment and furnace on the flexural strength of the specimens.

The look of the samples, in particular the colour, changes with MS amount (see Figure 1).
For instance, the increase of MS amount promotes a notorious rise of the developed colour
intensity being the MS10 specimen the one that exhibits the darker grey colour. Furthermore,
the waste pre-treatment also influences the attained colour and aspect of the specimens,
see samples MS10 and MS10r. When the waste is pre-treated (ground and sieved at 212 µm)
a more homogeneous hue colour is obtained; contrarily, when no pre-treatment is applied,
a rustic (non-uniform) aspect is achieved, given by the presence of larger particles.

Figure 1 also presents the colour coordinates of each sample, as well as the colour
difference values (∆E) between MS0 and MS10 samples fired in laboratory and industrial
conditions. The increase of the MS amount promotes a noticeable brightness decrease (L*—
72.2 for MS0 and 49.2 for MS10) due to the iron richness of the mixes. Further, a decrease
in the b* coordinate is also observed (12.4 for MS0 and 2.8 for MS10), while small variations
are noticed in the values of the a* coordinate (slightly negative). In Figure 8 the relationship
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between the b* and L* coordinates is presented. It can be observed that there is a notorious
relationship between both coordinates and added MS quantity: higher the amount of MS
incorporated in the stoneware paste lower are the values of both b* and L* coordinates.
Lastly, the colour difference (∆E) between MS0 and MS10 specimens sintered in the two
tested conditions (laboratory and industrial furnaces) were 6.03 and 2.9, respectively. Thus,
the difference between the colours of the MS0 samples is noticeable by anyone; whereas,
for the MS10 samples they are perceptive to inexperienced observers [28]. The darker effect
imposed by MS helped to hide colour differences between both firing conditions.

Figure 9 presents SEM micrographs and EDS of the fired specimens without and with
10 wt.% MS, pre-treated and as-received, MS10 and MS10r, respectively. All specimens
exhibit a quite uniform microstructure with few pores.
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Figure 8. Graphical representation of changes on the colorimetric coordinates b* and L* of the fired
samples in: laboratory furnace (filled symbols) and industrial furnace (open symbols).
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Figure 9. SEM micrographs and EDS of the fired specimens MS0, MS10 and MS10r.
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The EDS mapping images of the samples with 10 wt.% of MS shows that in MS10r
sample the stain corresponding to the iron (blue) is stronger than that in MS10, in agreement
with particle size differences.

3.3. Evaluation of the Sintering Temperature Reduction

The sintering process represents up to 65% of production costs in ceramic industries
and contributes much to the environmental footprint of the products due to the high
temperatures required. Therefore, the reduction of the firing temperature was also evalu-
ated on specimens containing 10 wt.% of MS. Temperatures tested were 1043 ◦C, 1065 ◦C,
1092 ◦C, 1147 ◦C, 1153 ◦C and 1160 ◦C (in the lab furnace); and 1165 ◦C in industrial
conditions. Colour changes are shown in Figure 10, while other technical parameters
(water absorption, density and flexural strength) are given in Table 4 and Figure 11.

1160 oC 1153 oC 1147oC 1165 oC

Industrial 
Furnace

Laboratorial 
Furnace

47.1
-0.14
1.7
5.1

49.2
-0.56
2.6
2.9

51.4
0.59
4.2
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-0.26
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5.2

1092oC 1065oC 1043oC

48.6
0.15
3.3
3.0

48.2
0.41
3.6
3.3

53.7
1.61
7.2
3.9

L*

a*

b*

DE

Figure 10. Specimens with 10 wt.% of MS fired at different temperatures with the respective CIELab coordinates.

Colour changes are not expressive, particularly from 1065 ◦C onwards. Samples tend
to darken when the temperature rises and acquire a strong greyish hue. Slight differences
are perceived between lab and industrially fired samples.

Shrinkage upon firing varied between 8.8 and 9.7% (higher with temperature enhance-
ment) being the values within the admissible limits of the company. The water absorption
tends to decrease with firing at high temperatures, being changes less pronounced (like
colour) from 1065 ◦C onwards. Full density seemed to be achieved at 1147 ◦C on samples
fired in the lab furnace. This tendency is confirmed by the flexural strength variation
(see Figure 11) with maximal value reached at that temperature. All samples show mechan-
ical resistance above the minimum level (30 MPa). Differences between lab and industrially
fired samples are explained by the prolonged exposure of the first at high temperature,
since the cooling step is slower than in the industrial kiln.

In water absorption, three levels can be observed. In the first level, from 1165 to
1147 ◦C, the water absorption remains very low (0.04 and 0.09%); in the second level
(1092 and 1065 ◦C) the water absorption slightly increases (0.33 and 0.45%, respectively)
but the density of the specimens remains high; in the last level, at 1043 ◦C, the density
decreases to 2.24 g/cm3 and the water absorption increases to 2.2%. In this last case,
the used firing temperature is not sufficient to create the necessary amount of liquid phase
and therefore, the specimen presents a higher porosity. Hence, these results showed that
it is possible to reduce the sintering temperature up to 1065 ◦C once, at this temperature,
the specimen’s properties were not significantly affected and remain within the industrial
limits. Consequently, the incorporation of 10 wt.% of mill scale enables a reduction of
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≈100 ◦C on the maximum temperature reducing the environmental footprint associated
with the sintering process.

Table 4. Influence of the sintering temperature on the water absorption (WA) and geometric density (D) of the specimens.

Furnace Laboratory Industrial

Sintering
temperature (◦C) 1043 1065 1092 1147 1153 1160 1165

WA (%) 2.2 ± 0.2 0.45 ± 0.05 0.33 ± 0.03 0.09 ± 0.02 0.04 ± 0.02 0.07 ± 0.05 0.04 ± 0.02
D (g/cm3) 2.24 ± 0.01 2.32 ± 0.01 2.32 ± 0.01 2.40 ± 0.01 2.25 ± 0.01 2.39 ± 0.01 2.27 ± 0.01

0.0

20.0

40.0

60.0

1043 1065 1092 1147 1153 1160 1165
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Figure 11. Influence of the sintering temperature on the flexural strength of the specimens containing
10 wt.% of MS.

3.4. Leaching Behaviour

Iron (Fe), cadmium (Cd) and lead (Pb) amounts leached out from industrially glazed
cups prepared with stoneware pastes containing distinct MS concentrations are presented
in Table 5. The leached concentration of Fe is, for all the samples, lower than 50 µg/L being
well below the maximum allowed concentration for drinking water, 200 µg/L [30]. Leached
concentrations of Cd and Pb (<0.5 and <7.5 µg/L, respectively) are also significantly below
the maximum allowed value for cups, as defined by the EU Ceramic Directive 84/500/EEC
(20 µg/L and 200 µg/L, respectively) [29]. These results assure the safe use of such products.

Table 5. Leached concentrations of tested elements from industrially produced cups with distinct MS contents.

Samples

Concentration (µg/L)

Fe Cd Pb

≤200 (a) ≤20 (b) ≤200 (b)

MS0 <50 <0.5 2.7
MS1 <50 <0.5 7.4
MS3 <50 <0.5 2.5
MS5 <50 <0.5 4.7
MS10 <50 <0.5 3.7

(a) Max. value—drinking water: Council Directive 98/83/EC [30], (b) Max. values—mugs: EU Ceramic Directive
84/500/EEC.
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4. Conclusions

The proof of concept of using MS as colouring agent of a stoneware paste was tested
at laboratory and pilot plant scales allowing us to conclude that:

• Waste incorporation levels up to 10 wt.% are viable and the pastes produced with
this amount assures the best combination of technical requirements, namely maximal
flexural strength (45.6 MPa) and almost null water absorption (0.07%).

• A dark grey hue can be achieved and this waste can be used to mask potential
inhomogeneities on the pieces, substituting expensive commercial pigments.

• Energy savings can be attained with relevant economic and environmental benefits
since the fluxing action of the waste anticipates maturation reactions upon firing,
being possible to reduce the firing temperature by about 100 ◦C.

• The developed materials are safe to use since the leached amounts of potentially
hazardous species (Fe, Pb and Cd), tested according to the EU Ceramic Directive
84/500/EEC on industrially produced cups, are well below the admissible limits.

Therefore, this work provides a high value-added application for steel wire drawing
mill scale wastes, aligned with the new circular economy paradigm and able to contribute
to a win-win industrial symbiosis: use of waste produced by the steel wire producer and re-
duction of carbon footprint (energy and primary resources saving) in ceramic industries.
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