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The present work exposes preliminary results concerning ordinary Portland cement (OPC)
blended with oxide fumes produced in steel smelting plants and known as electric arc
furnace dust (EAFD). After acid treatment of the EAFD, the powder obtained was formed
basically of nanometric particles of ZnFe2O4. The incorporation of EAFD to OPC produced a
small retardation of the setting process. Nevertheless, after 7 days the compressive
strength of the OPC/EAFD pastes was superior and after 28 days the extent of hydration in
OPC and OPC/EAFD pastes was equivalent. The present results indicate that a compressive
strength of 72 MPa can be attained after 42 days for OPC doped with 10 wt% of EAFD.
C© 2002 Kluwer Academic Publishers

1. Introduction
The densified cement system in which silica fume or
microsilica (submicrometer SiO2 particles) are packed
between cement particles, has been widely investigated
[1–4]. This material is now commonly referred to as
densified with small particles cement. The pozzolanic
activity of microsilica is considered to have a signifi-
cant influence on the microstructure of the system, al-
though particle packing is quite important as well [5].
Microsilica is a by-product of the silicon and ferrosili-
con smelting industries. This material in concrete was
first tested in Norway in the early 1950s, and intensive
research effort near the beginning of 1970s led to the
basis of microsilica technology [3].

At present, one of the major waste products of the
steelmaking industry is a zinc-iron oxide fume usually
known as electric arc furnace dust (EAFD), which is
generated in significant volumes and holds the potential
for added value if suitable end products could be pro-
duced from these powders. Thousands of tons of dust
are generated in steel smelting plants each year. Tighter
environmental regulations have prompted industry to
search new methods of treating waste by-products gen-
erated by electric arc furnace during the manufacture
of steel. EAFD is considered a hazardous solid waste
since it contains small amounts of Pb, Cr and Cd ox-
ides which are evaporated at high temperatures above
the steel bath and condensed in the off-gas systems.
Because of the extremely fine particles of the powders,
one of the possible applications of EAFD could be as
reinforcing particles in cement [6].

The present work exposes preliminary results con-
cerning ordinary Portland cement blended with EAFD
obtained from steel smelting plants. The study inves-
tigate the influence of these nanometric ceramic parti-
cles on the hydration reaction as well as the mechanical
properties of the blends, exposing a new potential com-
posite material capable of developing high compressive
strength.

2. Experimental procedure
Commercial type I ordinary Portland cement (OPC),
EAFD from domestic steelmaking industry and dis-
tilled water (electrical resistivity 500 �m) were used
in this study. Before mixing, the EAFD were sieved to
remove coarse particles, treated for 24 hours in acid so-
lution (pH 5) and then washed, dried and finally milled
for blending. All OPC/EAFD mixes were made using a
water/cement ratio of 0.5 and aged at 30◦C. The spec-
imens in the same series were tested for compressive
strength at the age of 1, 3, 7, 14, 28 and 42 days. The
mix proportions of the pastes were made with 2, 5, 8
and 10 wt% of EAFD. In the present work no water-
reducing agent or any other chemical compound was
added to the OPC/EAFD blends.

Setting time of pastes was determined monitoring
the changes in electrical conductivity from samples
made of each composition. The cell used to contain
the cement paste comprised a cylinder having a diam-
eter of 25 mm and a length of 50 mm. Brass electrodes
were attached to the two opposite faces of the cell. The
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conductance values were measured using ac voltage
120 Hz and converted to resistivity by the introduction
of the cell geometrical constant.

Compressive strengths were measured on samples
cast in cylindrical plastic molds having a diameter of
25 and a length of 50 mm. Compressive testing was per-
formed under displacement control using a universal-
testing machine with a capacity of 5000 kg. A crosshead
speed of 0.76 mm · min−1 was used. Ten cylinders from
each composition were tested for each measurement.

A diffractometer model RIGAKU DMAX with
Cu Kα radiation and Ni monochromator was em-
ployed at a scanning speed of 0.01◦ min−1 over the
range 2θ from 5 to 90◦. Microstructures were exam-
ined using a JEOL transmission electron microscopy
(TEM) and PHILIPS scanning electron microscopy
(SEM) together with an EDAX energy dispersive X-ray
spectrometer (EDX). The Fourier transform infrared
spectroscopy (FTIR) spectra were recorded using a
BRUCKER IFS spectrometer coupled with a photo-
acoustic detector MTEC-PHOTOACUSTICS. The
FTIR was recorded in the range 6000 to 400 cm−1 using
150 scans and obtained at 8 cm−1 resolution.

3. Results and discussion
3.1. Starting materials
XRD and EDX were used to determine the oxide and
mineralogical compositions of the OPC and EAFD.

Figure 1 XRD patterns and EDX analysis carried out on the EAFD.

Figure 2 TEM and SEM micrographs obtained from de EAFD showing the presence of spherical nanometric particles.

Fig. 1 shows that after treatment the EAFD was basi-
cally determined as franklinite (ZnFe2O4) with smaller
amounts of cincite (ZnO) and hematite (Fe2O3). EDX
analysis carried out on EAFD indicated the presence
of small amounts of Pb, Cu, Mn and Cr in the par-
ticles. The size, distribution and shape of the EAFD
particles were evaluated using SEM and TEM images
(Fig. 2). The EAFD was mainly composed of ultra-
fine particles presenting spherical shape, generally its
size ranging in the nanometric domain. The mean par-
ticle size of this fraction of the particles was about
180 nm. Besides, pycnometric measurements carried
out on the EAFD indicated a mean apparent density of
4.3 g/cm3. XRD patterns were used to obtain approx-
imate estimates of the amounts of unreacted clinker
phases and crystallized products. From XRD patterns,
the main components of OPC were alite Ca3SiO5 (C3S)
and belite Ca2SiO4 (β-C2S) with small amounts of fer-
rite (Ca2Fex Al2−x O5) and gypsum (CaSO4 · 2H2O).

The electrical properties were used as indirect
method to monitor the setting of OPC and OPC/EAFD
pastes. Fig. 3 shows the electrical resistivity of OPC as
a function of time. In this case, the results indicated for
the OPC that the setting process started after 4 hours
(t1). Lately, a lack of activity within the paste was ob-
served and the resistivity started to increase once again
at 8 hours (t2), associating this phenomenon to the final
setting of the OPC [7].
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Figure 3 Electrical resistivity as a function of time for OPC paste made
with a water/cement ratio of 0.5 and held at 30 C.

3.2. OPC/EAFD pastes
In order to observe the possible effects of the ZnFe2O4
compound basically composing the EAFD after chem-
ical treatment, the electrical resistivity of OPC/EAFD
blends were used as an indirect method to monitor the

(a)

(c)

(b)

(d)

Figure 4 The electrical resistivity as a function of time obtained from OPC paste containing: (a) 2 and 10 wt% of EAFD; (b) 0.67 and 3.38 wt% ZnO
respectively. The w/c ratio in all cases was 0.5 and measurements were carried out at 30◦C.

setting reactions. Hydration of Portland cement is a se-
quence of overlapping chemical reactions and the set-
ting process has been visualized as proceeding through
different stages [8]. Information of the degree of hy-
dration has been drawn from monitoring the changes in
electrical resistivity of cement pastes [7, 9, 10]. The ini-
tial low electrical resistivity immediately after Portland
cement is in contact with water has been associated to
calcium and hydroxyl ions leached from the clinker, re-
sulting in high ionic concentrations in the bulk aqueous
solution [3, 7]. Fig. 4 shows the changes in the electri-
cal resistivity of a OPC paste containing 2 and 10 wt%
of EAFD, together with the behavior of OPC/ZnO ref-
erence samples. The amount of ZnO in the reference
samples was chosen to match the corresponding zinc
oxide coming from the ZnFe2O4 compound incorpo-
rated during the addition of the EAFD. The reduction
of resistivity of the OPC/EAFD pastes once water was
added followed the same trend as the OPC. Never-
theless, there were discernible differences in the set-
ting process, with OPC giving the shortest setting time
(Fig. 3), while EAFD doped samples shown different
setting times (Fig. 4a and b). It was observed that the
setting time of OPC pastes remained almost the same
(t1 = 5 hours and t2 = 8 hours) when doped with small
amounts of EAFD, indicating that that the addition of
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small amounts of EAFD in the OPC pastes did not affect
the OPC hydration. On the other hand, once the EAFD
content in the OPC paste reaches 10 wt% the setting
time attains values of t1 = 32 hours and t2 = 44 hours.
Nevertheless, despite the retardation observed, the hy-
dration process takes place contrary to the behavior
detected with the OPC/ZnO reference samples, where
there is severely failure of the hydration reactions for
an equivalent amount of ZnO (Fig. 4c and d).

It is generally accepted that poorly crystalline cal-
cium hydrosilicate phases (CSH) of variable stoi-
chiometries and morphologies together with Ca(OH)2
are the two most important chemicals formed during the
hydration of tricalcium and dicalcium silicates [3, 8]. It
is well recognized that some metals in the solid wastes
can react with the hydrating cement phases and in some
instance cause complete failure of the hydraulic reac-
tions. Much work has already been performed studying
the effects of these metals upon OPC hydration, using
techniques such as FTIR [11], XRD [12] and SEM [13].
Zinc in different forms (zinc oxide and zinc sulfate) has
been understood for many years to delay hydration of
cement [14]. Although ZnO severely retards cement
hydration during an initial period (Fig. 4c and d), it has
also been found to increase the strength at late ages,
usually after 28 days [15]. It is believed that during the
retardation period a protective cover of an amorphous
zinc hydroxide is formed on the grain surfaces. After
the retarding effect, high concentrations of Ca2+ and
OH− transform zinc hydroxide to crystalline calcium
zinc hydroxide Ca[Zn(OH)3]2 · 2H2O [11].

XRD patterns were used to obtain approximate es-
timates of the amounts of ZnFe2O4, unreacted C3S
phase and Ca(OH)2 or Ca[Zn(OH)3]2 · 2H2O crystal-
lized products. The Ca(OH)2 production and C3S con-
sumption can be detected by XRD and have been found
to provide a useful means for assessing the extent of
hydration [16]. In the present case, there were observ-
able differences in the rate of C3S consumption as the
EAFD content was increased. Nevertheless, it was ob-
served (Fig. 5a) that both OPC and OPC/EAFD sam-
ples after 28 days presented equivalent amounts of C3S
and Ca(OH)2. Since the addition of EAFD did not un-
duly affect Ca(OH)2 production in spite of the retar-
dation reactions observed, it is implied that CSH pro-
duction should be similarly unaffected. On the other
hand according to the present knowledge [8, 11], the
retardation of the hydration seems to be associated to
amorphous zinc hydroxide formed on the grain sur-
faces together with high concentrations of Ca2+ and
OH− leading to crystalline calcium zinc hydroxide
Ca[Zn(OH)3]2 · 2H2O. In the present case, XRD pat-
terns obtained after 28 days (Fig. 5b) have only shown
the presence of Ca(OH)2, ZnFe2O4 and unreacted C3S,
and the calcium zinc oxide was never detected with
the treated EAFD. The lack of peaks associated to the
crystallized Ca[Zn(OH)3]2 · 2H2O could be a conse-
quence of the intrinsic resolution limit of the XRD
techniques. In order to surmount this possible effect,
FTIR spectroscopy was used to identify the presence
of calcium zinc hydroxide. Fig. 6a shows FTIR spec-
trograms obtained with OPC. Examination of the FTIR

(a)

(b)

Figure 5 (a) Progress of hydration of tricalcium silicate obtained from
OPC and OPC pastes containing 10 wt% of EAFD. (b) XRD pattern
obtained after 42 days from an OPC paste containing 10 wt% of EAFD.

spectra of dry OPC shows the Si O bending vibra-
tions appearing at 525 cm−1, together with the Si O
asymmetric stretching band due to C3S and/or β-C2S
centered at 925 cm−1 and the sulfate band (SO2−

4 ) at
1160 cm−1 [11]. Further examination of FTIR spectra
of the hydrated OPC shows that the Si O asymmetric
stretching band shifted to higher frequency (960 cm−1)
due to the polymerization of the silicates upon setting
of the OPC [17]. In contrast, Fig. 6c shows the corre-
sponding FTIR spectrograms obtained with OPC doped
with 10 wt% of EAFD after 1 and 28 days. FTIR spec-
tra of hydrated OPC doped with EAFD presents the
Si O asymmetric stretching band shifted to higher fre-
quency (960 cm−1) due to the polymerization of the
silicates together with a strong absorption band ob-
served for EAFD at 2900 cm−1. It has been reported
in the literature [11] a strong absorption band in the
3650 cm−1 zone for the Ca[Zn(OH)3]2 · 2H2O com-
pound. In this case, there was no evidence of the strong
absorption band at 3650 cm−1 associated to the cal-
cium zinc hydroxide. Besides, the absorption band at
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(a)

(c)

(b)

(d)

Figure 6 FTIR spectra obtained with (a) opc at different hydration times and (c) 90opc10eafd pastes at different hydration times.
Photograph (b) concerns the microstructure observed with sample 90opc10eafd after 42 days where letters a and b represents unreacted grains
of alite and belite. Photograph (d) is an enlargement obtained from the same sample where the arrows point to ZnFe2O4 particles.

2875 cm−1 corresponding to ZnFe2O4 was observed
even after 28 days. The present results suggest that
no discernable reaction takes place between OPC and
the ZnFe2O4 and if occasionally weak bands were ob-
served between 3600 and 3800 cm−1, they should as-
sociated to Ca[Zn(OH)3]2 · 2H2O coming from the re-
action between Ca2+ and the small amount of ZnO still
present in the EAFD. On the other hand, SEM images
(Fig. 6b and c) obtained from 90OPC10EAFD sample
after 42 days indicates the presence of the nanomet-
ric particles of the EAFD immersed in the CSH matrix
even at this stage of hydration, suggesting that proba-
bly there is no reaction between the Zn2+ forming the
ZnFe2O4 and the Ca2+ and OH− ions, or it should occur
at a lower rate on the surface of the particles. Neverthe-
less, further studies have to be carried out to properly
know the chemical processes involved in these com-
posite pastes, specially the leaching rate of Zn2+ from
the ZnFe2O4 crystal lattice.

Just as in other structural material, the mechanical
properties play a relevant role and the achievement of
higher strength has been one of the final goals in ce-
ment based materials. Concerning cement pastes and
concrete, physicochemical and mechanical properties

like durability, wear resistance, strength, permeability
to water and gases, ionic diffusion, cracking, etc, are all
important to fully characterize the final material. Nev-
ertheless, compressive strength is probably the most
important parameter used to describe the potential im-
provement made in the material. Traditional hardened
cement pastes are porous and complex solids where
the microestructural nature of Portland cement-based
products gives rise to time-dependent mechanical prop-
erties [3, 8]. Concerning the effect of the ZnFe2O4
nanometric particles on the mechanical properties of
cement, the strength of the hardened cement-doped
pastes was determined. Fig. 7 shows the curves of
compressive strength versus hydration time obtained
from OPC and OPC/EAFD pastes. It was observed
that cement doped with 2 and 5 wt% had since the
beginning of the hydration process greater strength
than the control cement. On the other hand, the ad-
dition of more then 5 wt% of EAFD to cement de-
press the strengths before day 3, but increases it dras-
tically after 7 days. This behavior is a consequence
of the delay in the hydration process observed when
OPC is doped with EAFD (Fig. 4). Despite the retar-
dation of strength, cement doped with EAFD presents
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Figure 7 Compressive strength results for different mixtures of cement
and EAFD.

an interesting time-dependent mechanical behavior. It
has been established that ZnO severely retards ce-
ment hydration during an initial period, but it has
been found by other studies to increase the strength
at late ages (28 days and more) [3, 8, 15]. After re-
tardation, here again the strength follows acceleration
and finally achieves higher compressive strength than
OPC pastes. Fig. 7 indicates that the EAFD can im-
prove the compressive strength from 40 MPa for or-
dinary Portland cement to 72 MPa for the OPC paste
doped with 10 wt% of EAFD. Considering that con-
crete containing 5 to 15% silica fume attain high com-
pressive strength, up to 100 MPa [1–4], the present re-
sults suggest the potential capability of the OPC/EAFD
pastes to become a new cement particle composite
formulation.

4. Conclusions
A relevant aspect of the electric arc furnace dust
(EAFD) concerns the particle size of this powder, usu-
ally formed by particles in the nanometric domaine.
X-ray diffraction confirms that after acid treatment, the
amount of zinc in the oxide form (ZnO) is reduced
while zinc-iron oxide (ZnFe2O4) is the predominant
compound forming EAFD. It was observed certain de-
lay in the setting process of cement as the EAFD con-
tent was increase, nevertheless the hydration reactions
seem to take place as in OPC after 3 days. A com-
pressive strength of 72 MPa was attained after 42 days
for OPC doped with 10 wt% EAFD. This value is
quite similar to the limit strength usually reported for
equivalent OPC pastes doped with silica fume. Fur-

ther research has to be undertaken to fully characterize
the OPC/EAFD composites, specially those concern-
ing physicochemical properties and durability. From
the environmental point of view, the leaching of heavy
metals from the composites will have to be quantified
in order to defined the proper chemical processing of
the EAFD and the final composition of the composites.
At present there is not enough information to estimate
the cost and handling problems associated with this
new component, nevertheless, the present preliminary
results suggest that OPC/EAFD pastes could have the
potential to become a new cement particle composite
formulation.
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