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a b s t r a c t

This study aims at investigating the possibility of using dust, collected in air filters during the melting of
mineral wool raw materials (mineral wool cupola dust) as an additive for Portland cement. It was found
that the investigated dust mainly consists of quartz, periclase, albite, dolomite, and the amorphous
phase. The main impurities are halite and sylvite. The investigated additive was additionally milled and
prepared as a microfiller. The results showed that the cupola dust additive increases the initial hydration
of cement, yet prolongs the dormant period. It was estimated that up to 15wt% of Portland cement can
be replaced by the dust additive without impairing the strength properties of samples after 28 days of
hardening. However, after 90 days of hydration, the compressive strength of all samples with the
investigated additive is lower than in pure OPC samples. This phenomenon is concerned with the for-
mation of a significant amount of Friedel's salt. The content of chlorides in the raw material was reduced
from 4.901 to 0.612wt% by washing with water, when the water-to-solid ratio was equal to 10. The
results of the investigation showed that the washed and ground cupola dust had a positive effect on the
compressive strength of the cement samples. When 5, 10, and 15wt% of prepared dust additive were
used, the compressive strength of samples after 28 and 90 days of hydration was greater than that of
pure Portland cement sample. The findings suggest that the additionally prepared dust additive leads to
the formation of a stable structure of the cement stone, accelerates the calcium silicates hydration, and
promotes the formation of gismondine.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

One of the major priorities in cement industry is to find mate-
rials that may be used as a clinker replacement and which could
help in reducing energy consumption and CO2 emissions during
cement production [1]. Special attention is paid to the replacement
of a part of ordinary Portland cement with various industrial
mineral wastes [2,3]. The fine additives used in cement systems are
classified into reactive and inert substances [4]. Reactive additives
can chemically react with Portland cement hydrates (as a pozzo-
lanic reaction), while inert additives in normal processing condi-
tions fill up the void spaces remaining between the coarser
particles and contribute to the increase of the compressive strength
without any chemical reaction [4,5]. The addition of pozzolans to
Portland cement increases its mechanical strength and durability
compared with the blank paste because of the interface reinforce-
ment [6], whereas the microfiller effect depends mainly on the
minskas).
shape and size of the particles, particle size distribution, and spe-
cific surface area [7].

Research of economic binders through the use of industrial by-
products (blast furnace slag, silica fume, fly-ashes, rice husk ashes,
and other materials) is a major concern in reducing the deficit
recorded during the manufacture of Portland cement [8]. A new
source of an additive for Portland cement could be found in a waste
product frommineral wool industries. The term “mineral wool” is a
general name for fibre materials that are formed by spinning or
drawing molten minerals. The chemical composition of these
minerals mainly consists of SiO2, Al2O3, CaO, and MgO, whereas
other oxides are considered as impurities [9].

During the mineral wool production process, the waste mate-
rials such as fibre waste and cupola dust form. On the one hand,
mineral wool fibre waste can be recycled and returned to the
production line, but cupola dust is usually sent to the waste dump.
On the other hand, rock wool fibre waste can be used as a suitable
substitute for coarse and fine aggregates, saving on the cost of
natural aggregates and minimising the environmental impact of
solid waste disposal [10]. Some researchers [10] also note that the
composition of rock wool fibre waste is similar to other pozzolana
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materials such as fly ash, ground granulated blast-furnace slag
(GGBS), and silica fume. The reactive additives cause a compaction
of the matrix and interface transition zone because the particles of
pozzolanic materials fill the void space between the larger grains,
which is otherwise occupied by water, and, with time, they react
chemically to produce additional hydrates [11,12].

It has been found that rock wool wastes can act as either a
cementitious material or an inert filler in cement-based compos-
ites, depending on the particle size. The dense structure of cement-
based composite, achieved by the filling effect of pozzolanic
product, improves the compressive strength, splitting tensile
strength, abrasion resistance, absorption, resistance to potential
alkali reactivity, and resistivity [5,10]. In addition, it was pointed out
[13] that 10e40wt% of mineral wool fibre waste additive reduced
porosity and changed the microstructure of the cement-based
composites. These effects impair chloride ion and other ion pene-
tration/mobility.

However, there has been little discussion on the use of other
mineral wool production process wastes such as cupola dust. This
waste is accumulated in the filters for air coming out of the cupola
and comprised of raw materials, additives, and melted particles
mixture. Thus, cupola dust is very dispersive, with strong sorption
properties [14,15].

It was reported [16] that the cupola dust additive, through its
grading and chemical composition, reduces significantly the
cement paste spreadability. Moreover, it was found that this addi-
tive had an influence on the hydration process of Portland cement
and increased the early strength of hardened cement paste [16].
The aim of this work was to determine the possibility of using dust
collected in filters, during the production of mineral wool, as an
additive for the Portland cement.
2. Materials and methods

In this work, mineral wool manufacturing waste, cupola dust,
was used. Different modifications of this by-product were pre-
pared: ground cupola dust (RWCD) and additionally washed cupola
dust (WRWCD). The raw cupola dust was ground with a Fritsch
planetary disc mill Pulverisette 9 for 120 s at 600 rpm to a specific
surface area of 400m2/kg. Cupola dust was washed with water
when water-to solid ratio was w/s¼ 10. After 1, 5, and 10min
stirring of suspension, the residue was filtered off through a
Buchner funnel and dried at 70 �C temperature.

The chemical composition of the ground (RWCD) and washed
cupola dust (WRWCD) is shown in Table 1.

Ordinary Portland cement CEM I 42.5 R was chosen in this work.
The chemical composition of the Portland cement is shown in
Table 1. The mineralogical composition of the clinker was as fol-
lows: 3CaO$SiO2, 52.97wt%; 2CaO$SiO2, 19.61wt%; 3CaO$Al2O3,
9.16wt%; 4CaO$Al2O3$Fe2O3, 9.74wt%; CaSO4$2H2O, 5.37wt%.

The sieve analysis of raw cupola dust was carried out by using
Haver EML Digital Plus sieve shaker combinedwith∅ 5, 2,1.6,1, 0.5,
0.315, 0.2, 0.16, 0.08mm sieves. The mass of the sample was 300 g,
time of sieving e 15min and the amplitude of the oscillation fre-
quency e 1.5.

The particle size distribution and the specific surface area of the
Table 1
Chemical composition of raw materials.

Material SiO2 Al2O3 Fe2O3 CaO MgO

OPC 19.52 5.03 3.05 61.39 3.93
RWCD 27.04 6.31 8.03 9.57 5.85
WRWCD 30.0 6.59 8.66 10.35 6.43
materials were determined by a laser particle size analyser (CILAS
1090 LD) in intervals from 0.1 to 500 mm. The distribution of solid
particles in the air stream was 12e15wt%. Compressed air
(5000mbar) was used as a dispersing phase. The measuring time
was 15 s.

The amount of Cl� ions in the investigated materials was
determined by a Mohr's method [17].

The pozzolanic activity was assessed using a modified Chapelle
method [18]. This test consists of placing 1.000 g of mineral
admixture into 500ml of lime solution (1.200 g/l CaO). The solution
was kept for the first 48 h in a thermostat at 45 �C. At the end of this
period, 50ml of the solution was taken and the CaO content was
determined by the titration with 0.05 N hydrochloric acid (HCl)
solution using methyl orange as an indicator. The results were
expressed by milligrams of bounded CaO per gram of a pozzolanic
additive. The rest of the solution (450ml) was kept again for 24 h at
45 �C. The process was repeated until the estimated value of the
pozzolanic activity was insignificantly low (7 days).

The hydraulic activity of RWCD also was estimated by a Frattini
test (EN 196-5) [19].

The samples (30� 30� 30mm) were formed of pure ordinary
Portland cement and Portland cement with 5, 10, 15, and 20% (by
weight) replacement with the investigated additive. The samples
were stored in molds at 20± 1 �C and 100% humidity during the
first day of hydration. After 24 h of hydration, the samples were
transferred to deionised water and were stored there for 6, 27 and
89 days at 20± 1 �C. The hydration of samples was stopped using
acetone: three samples were kept under the conditions described;
then samples were crushed separately, milled together using a
laboratory planetary disc mill, passed through an 80-mm sieve,
washed with acetone, and dried in CO2 free atmosphere at 65 ± 5 �C
for 8 h. A representative amount was selected from the lot to be
analysed, which, upon further quartering (EN 196-2, EN 196-7
[20,21]), was reduced to a manageable amount for appropriate
sample preparation. Powder samples were stored in sealed bags to
prevent carbonation and hydration.

The XRD analysis was performed on the D8 Advance diffrac-
tometer (Bruker AXS, Karlsruhe, Germany) operating at the tube
voltage of 40 kV and tube current of 40mA. The X-ray beam was
filtered with Ni 0.02mm filter to select the CuKa wavelength.
Diffraction patterns were recorded in a Bragg-Brentano geometry
using a fast counting detector Bruker LynxEye based on the silicon
strip technology. The specimens of samples were scanned over the
range 2q¼ 3e70� at a scanning speed of 6� min�1 using a coupled
two theta/theta scan type.

The chemical composition analysis of samples was performed
by X-ray fluorescence spectroscopy (XRF) on a Bruker X-ray S8 Ti-
gerWD spectrometer equipped with a Rh tube with energy of up to
60 keV. The measurements of powder samples were carried out in
Helium atmosphere and data were analysed with SPECTRA Plus
QUANT EXPRESS standard software.

The simultaneous thermal analysis (STA) (differential scanning
calorimetry and thermogravimetry) was carried out on a Netzsch
STA 409 PC Luxx instrument with ceramic sample handlers and
crucibles of Pt-Rh. At a heating rate of 15 �C/min, the temperature
ranged from 30 �C to 900 �C under the ambient atmosphere.
K2O Na2O SO3 Cl Loss on ignition, wt.%

1.06 0.12 2.5 �0.1 e

5.45 3.43 5.05 4.95 24.32
2.92 1.46 4.98 0.61 25.76
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The calorimetric analysis data were obtained using a TAM AIR III
calorimeter. The range of measurement was ±600mW, the sensi-
tivity of the signal was 4 mW, the time constant was <500 s, the
temperature of the experiment was 25± 0.1 �C, and the water-to-
solid ratio was 0.5.
Fig. 2. Particle size distribution of the milled cupola dust.

Fig. 3. X-ray diffraction pattern of RWCD. Indexes: * e dolomite (CaMg(CO3)2); ◊ e

quartz (SiO2); A e albite (NaAlSiO3O8); ; e iron sulfite (FeSO3); B e periclase
(MgO); ☐ e halite (NaCl); e sylvite (KCl); D e paragonite (NaAl2(Si3Al)O10(OH)2).
3. Results and discussion

3.1. Characterization of mineral wool cupola dust waste

The particle size of raw cupola dust estimated by the laser
diffraction is inaccurate because a considerable portion of the
particles is larger than 500 mm. The results of the sieve analysis are
shown in Fig.1. The data of sieve analysis show that raw cupola dust
particle diameter varies over very wide limits, and particles larger
than 80 mm constitute 87.8wt % of the total amount.

Since the diameter of mineral wool cupola dust particles was
almost unequal, the dust was ground with a Fritsch planetary disc
mill Pulverisette 9 for 120 s at 600 rpm (specific surface area
Sa¼ 400m2/kg). The particle size distribution results (Fig. 2)
showed that after milling ~95 wt% of the total amount of the dust
constituted the particles with the diameter smaller than 63 mm.
Therefore, the ground cupola dust (RWCD) prepared this way can
be used as a microfiller (EN 12620:2002 þ A1:2008 [22]).

According to the X-ray diffraction (XRD) analysis data (Fig. 3),
quartz (d-spacing: 0.425, 0.344, 0.181 nm; JCPDS 77-1060), peri-
clase (d-spacing: 0.210, 0.148 nm; JCPDS 45-946), albite (d-spacing:
0.403, 0.321, 0.320, 0.317 nm; JCPDS 72-1246), paragonite (d-
spacing: 0.963, 0.320, 0.302, 0.252 nm; JCPDS 42-0602), iron sulfite
(d-spacing: 0.636, 0.285, 0.240, 0.212, 0.154 nm; JCPDS 32-0473),
and dolomite (d-spacing: 0.288, 0.219, 0.201, 0.180, 0.178 nm; JCPDS
36-0426) were found in RWCD. Furthermore, a broad peak in the
angle of diffraction from 18� to 29�, typical for the amorphous
component, was fixed in the XRD curve. It was determined that
cupola dust contains chlorides: sylvite (d-spacing: 0.314, 0.222,
0.181 nm; JCPDS 41-1476) and halite (d-spacing: 0.326, 0.282, 0.199,
0.163 nm; JCPDS 5-0628).

Despite the fact that XRD analysis data show the presence of an
amorphous component in the composition of RWCD, the pozzo-
lanic activity of the investigated dust (estimated by the modified
Chapelle method) was very low and reached only 63 mgCaO/g. To
ensure the adequacy of the Chapelle method, the Frattini test (EN
196-5) [19] was also performed (Fig. 4). As expected, the cement
samples with the RWCD additive do not satisfy the test for poz-
zolanicity because the data points of all samples with the RWCD
additive are plotted above or on the curve of calcium ion saturation
concentration. Therefore, the RWCD additive was used as inert
microfiller.
Fig. 1. Sieve analysis results of raw mineral wool cupola dust.

Fig. 4. Results of pozzolanicity tests of investigated mixtures.
3.2. Influence of ground mineral wool cupola dust waste on
Portland cement hydration and hardening

Physical tests of the setting time and normal consistency (EN
196-3 [23]) of different cement compositions with the RWCD ad-
ditive were performed (Table 2). These data show that the RWCD
additive has nomajor influence on thewater-to-solid ratio (w/c) for
normal consistency of cement pastes. However, it considerably
shortened the setting time: the paste began to bind after 80, 60, and
52min, when, respectively 5, 15, and 20wt% of the RWCD additive



Table 2
Influence of cupola dust additives on normal consistency and setting time of samples.

Amount of additive, wt.% Normal consistency
(w/c), %

Initial setting time, min Final setting time, min

RWCD WRWCD RWCD WRWCD RWCD WRWCD

0 0.255 105 150
5 0.256 0.256 80 90 142 133
15 0.256 0.261 60 68 102 100
20 0.257 0.263 52 60 82 85

Fig. 6. Compressive strength of cement samples with different amounts of RWCD
additive after 7, 28 and 90 days of hydration.
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was added. The cement paste also ended to bind through a shorter
time. Apparently, a shortened setting time is associated with sig-
nificant amount of chloride compounds in the composition of the
RWCD additive.

It is important to note that 20 wt% is the largest possible amount
of RWCD which can be added to the cement, as in accordance with
the EN 206:2013þ A1:2016 [24] standard, a maximum chloride ion
content by mass of cement should not exceed one percent for
chloride class Cl 1.0 concrete.

In the next stage of the research, the measurements on the heat
evolution during the hydration process (calorimetric analysis) of
cement samples with 5, 15, and 20wt% RWCD additive were per-
formed (Fig. 5). As shown in Fig. 5 (a), two intense peaks of the heat
evolutionwere found on the calorimetric curves of the investigated
samples. First, the active heat evolution is caused by wetting a
cement powder and an initial kinetic reaction, during which Ca2þ,
OH�, SiO4

4-, and SO4
2- ions passed into the solution, and the second is

related to the reaction between the deeper layers of calcium silicate
particles and water [25]. In the second peak, at the later hydration
period, a shoulder is also observed that is associated with an
aluminate hydration reaction and with the final formation of
ettringite [26].

The induction period of samples with the RWCD additive was
found to be longer than in the OPC samples (50min), and when 5,
15 or 20wt% RWCD was used, this period endured for 1 h 12min,
5 h 15min, and 6 h 41min, respectively (Fig. 5 (a)). During the
hydration of cement samples with the RWCD additive, at the sec-
ond exothermic reaction period, a later heat flow (compared to the
pure cement sample) was identified on the released heat flow
measurement curve (Fig. 5 (a)). It should be noted that the accel-
eration period in samples with the RWCD additive (except sample
with 20wt% RWCD) proceeds more intensively in comparison to
plain Portland cement samples, as the height of the second peak of
Fig. 5. Calorimetric curves of heat flow (a) and total heat (b) in s
the heat evolution increases. Moreover, it was found that all sam-
ples with the RWCD additive up to 3 h of hydration (in sample with
5wt% of the RWCD additive e the entire investigation period) emit
more heat energy than the OPC sample (Fig. 5 (b)). Based on the
obtained results, the RWCD additive increases the initial hydration
of cement, yet prolongs the dormant period. The increased heat of
the hydration may be attributed to the increased number of
nucleation sites by RWCD for deposition of cement hydrates. This
effect enhances the hydration after the dormant period [27].
Nevertheless, the substantial amount of chlorides in the chemical
composition of RWCD also impacts on the acceleration of early
cement hydration [28].

The investigation of the compressive strength of the samples
with the RWCD additive showed that this additive had a positive
amples with different amounts of the investigated additives.
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effect on the compressive strength of samples up to 28 days of
hydration (Fig. 6). After 7 days of hydration the compressive
strength of all samples with the RWCD additive is higher than the
compressive strength of pure OPC samples. After 28 days of hy-
dration samples with 5wt% RWCD additive had higher compressive
strength (91.4MPa), whereas samples with 15wt% RWCD additive
had the same compressive strength (82.1MPa) as the OPC samples.

In contrast, after 90 days of hydration (Fig. 6), the compressive
strength of all samples with the RWCD additive is lower than the
compressive strength of plain OPC samples. The obtained data
suggest that, with increasing duration of hardening, the compres-
sive strength of samples with the additive increases noticeably
slowly in comparison to the compressive strength of pure cement
samples.

To clarify this phenomenon, the XRD analysis of hardened
samples was performed.

The results of the XRD analysis (Fig. 7) showed that, after 28 and
Fig. 7. X-ray diffraction patterns of cement samples with 0e20wt% RWCD additive
cured for 28 (a) and 90 (b) days under normal conditions: 1e0wt%, 2e5wt%, 3e15wt
%, 4e20wt%. Indexes: ◊ e calcite (CaCO3), A e tricalcium silicate (Ca3SiO5), ⌂ e

dicalcium silicate (Ca2SiO4); C e brownmillerite (4CaO$Al₂O₃$Fe₂O₃); * e tricalcium
aluminate (Ca3Al2O3); V e portlandite (Ca(OH)2); R e calcium silicate hydrate
(Ca1,5SiO3,5,xH2O); B e gismondine (CaAl2Si2O8,4H2O); ; e Friedel's salt (Ca2A-
l(OH)6Cl(H2O)2); - e ettringite (Ca6Al2(SO4)3(OH)12,26H2O),�e dolomite
(CaMg(CO3)2); e albite (NaAlSiO3O8); , e periclase (MgO).
90 days of hydration, in all X-ray patterns of the samples, the
diffraction peaks of unhydrated tricalcium silicate (d-spacing:
0.304, 0.277, 0.260, 0.218 nm; JCPDS 42-0551) and unhydrated
brownmillerite (d-spacing: 0.725 nm; JCPDS 30-0226) were iden-
tified. The diffraction peaks of quartz (d-spacing: 0.425, 0.334 nm;
JCPDS 77-1060) were identified only in samples with the additive
(Fig. 7 (a, b), curves 2e4) as SiO2 is an integral part of this waste, and
with an increasing amount of the additive, the intensity of the
quartz peaks increases. Furthermore, in all XRD curves the char-
acteristic peaks of calcite (d-spacing: 0.303, 0.228 nm; JCPDS 05-
0586) were observed. In all samples with the RWCD additive (Fig. 7
(a, b), curves 2e4) among the ordinary hydration products (por-
tlandite (d-spacing: 0.492, 0.311, 0.263, 0.193 nm; JCPDS 44-1481)
and calcium silicate hydrates (d-spacing: 0.304, 0.279, 0.182 nm;
JCPDS 33-0306)), Friedel's salt (Ca2Al(OH)6Cl$2H2O) (d-spacing:
0.789; 0.394; 0.288 nm; JCPDS 78-1219) was identified. The for-
mation of this compound is associated with a considerable amount
of Cl� ions in the composition of the investigated waste. When
increasing the amount of the additive and the duration of hard-
ening, the intensity of Friedel's salt peaks also increases. Thus, this
conversion of ordinary cement hydration products into non-
cementitious materials (Friedel's salt) explains previously
mentioned retarding of the compressive strength increasing in the
samples with the RWCD additive. The results correspond to the
investigation of other authors [29e31]. Besides, hydrated alumina-
silicate (gismondine) was also identified in the samples with such
additive.

In all of the DSC curves (Fig. 8) of the hydrated samples, endo-
thermic effects at 100e200 �C, 450e460 �C and ~700 �C were
observed. The first endothermic peak belongs to the dehydration of
many cement hydration products (such as calcium silicate hydrates,
calcium aluminium hydrates, and ettringite), the endothermic ef-
fect at 435e465 �C indicates the decomposition of portlandite,
whereas the endothermic effect at ~ 700 �C indicates the decom-
position of calcite. Additionally, in the DSC curves of samples with
20wt% RWCD additive (Fig. 8(a and b), curve 4), the endothermic
peak at ~ 600 �C was observed. This endothermic effect indicates
the presence of dolomite. Furthermore, in the DSC curves of sam-
ples with 15 and 20wt% RWCD additive (Fig. 8 (a, b), curves 3, 4),
the endothermic shoulder at ~320 �C was observed. This thermal
effect belongs to the stepped decomposition of Friedel's salt. Frie-
del's salt is characterised by three thermal effects: endothermic
effects at ~130 �C and ~320 �C and exothermal effect at ~640 �C
[32,33]. In this case, the first endothermic effect coincides with the
dehydration of many other ordinary cement hydration products,
whereas the exothermal effect is overlapped by thermal effects of
decomposition of carbonates.

The results of the TG analysis are listed in Table 3. The intensity
of endothermic peaks and mass loss related with portlandite
decomposition (~455 �C) decreased with growing content of the
RWCD additive from 5 to 20wt% in cement samples after 28 and 90
days of hydration (Fig. 8a and b; Table 3).

The distinctive character of the mass loss was visible in the area
of other cement hydration products decomposition. After 28 days of
hydration, the mass loss at 90e200 �C in all samples is closely
similar; while after 90 days of hydration, the above-mentioned
mass loss in all samples with the RWCD additive was higher than
that in the pure samples. The highest mass loss was observed in the
sample with 20wt% of the RWCD additive.

Relatively high mass loss at 90e200 �C in samples with the
RWCD additive after 28 and 90 days of hydration could be associ-
ated with the fact that the RWCD additive promoted the cement
hydration reaction, yet the mass loss related with portlandite
decomposition (~455 �C) decreased (Table 3). This phenomenon
can be explained by Friedel's salt formation reaction. Friedel's salt



Fig. 8. Differential scanning calorimetry patterns of samples with different amount of the RWCD additive cured for 28 (a) and 90 (b) days under normal conditions.

Table 3
Thermogravimetric analysis results of samples cured for 28 and 90 days under normal conditions.

Amount of RWCD additive, wt.% Mass loss, wt.%

After 28 days of hydration After 90 days of hydration

90e200 �C 430e465 �C 90e200 �C 430e465 �C

0 4.77 2.34 5.16 2.86
5 4.80 2.34 5.25 2.37
15 4.80 2.24 5.34 2.12
20 4.84 1.70 5.44 1.60

Table 4
Amount of Cl� ions in the waste after washing at different time.

Sample Stirring time, min Amount of Cl� ions in material, wt.%

RWCD e 4.901
WRWCD
w/s¼ 10

1 0.689
5 0.612
10 0.612
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was formed because of the reaction between calcium aluminate
hydrates and chlorides through the following mechanism that
implies two steps:

Ca(OH)2 þ 2NaCl (KCl)/2Na(K)(OH)2 þ CaCl2

CaCl2 þ Ca3Al2O6$8H2O þ 2H2O/Ca4Al2O6Cl2$10H2O

The formation of Friedel's salt consumes some of the portlandite
reserve [22,25,26], therefore the amount of portlandite has
decreased with the increasing content of the RWCD additive in
cement samples. On the other hand, the increase of mass loss at
90e200 �C in all samples with the RWCD additive can be related
not only to the decomposition of ordinary cement hydrates, but also
to the decomposition of Friedel's salt.

In terms of the results of the investigation, it can be assumed
that the RWCD additive promotes the Friedel's salt formation
throughout all hydration time and decreases the compressive
strength of samples cured for 90 days. To avoid a negative effect on
cement stone structure, the ground mineral cupola dust washed by
water was carried out in the next stage of the research.
3.3. Influence of washed and ground mineral wool cupola dust
waste on Portland cement hydration and hardening

RWCD was washed by water under laboratory conditions (wa-
ter-to-solid material ratio (w/s) was 10, stirring time was 1, 5 and
10min). It was found (Table 4) that washing had a positive effect on
the reduction of chlorides. With increasing time of stirring from 1
to 10min, the amount of Cl� ions in the composition of dust
decreased up to 0.689e0.612wt% respectively. Since the stirring for
longer than 5min did not have a significantly affect in chlorides
leaching, the dust waste after 5min stirring (WRWCD) was used in
the future research.

The same diffraction peaks typical to albite, dolomite, quartz,
periclase and iron sulfite were identified in XRD patterns after
RWCD washing (Fig. 9, curves 1-3) as well in raw cupola dust
(Fig. 3). The main difference between the unwashed and washed
waste XRD analysis data is relatedwith sylvite and halite diffraction
peaks. Peaks typical to halite disappeared, while only the low-
intensity main peak of sylvite (d-spacing: 0.314 nm) was observed
when suspension was stirred 1e10min (Fig. 9, curves 1-3).

It should be noted, that the results of chemical analysis of
WRWCD sample (Table 1) were in a good agreement with the data
of XRD. After additional washing, the amount of K2O, Na2O and Cl
was significantly reduced, while the quantity of SO3 e remained
almost the same. This data showed, that other compounds of
cupola dust, except chlorides, are insoluble and their effect on hy-
dration of investigated samples should be the same as in the case of
RWCD additive. Furthermore, thewashing of waste had no effect on



Fig. 9. X-ray diffraction pattern of washed dust waste, when w/s ¼ 10 and stirring
time: 1e1 min, 2e5 min, 3e10 min. Indexes: * e dolomite (CaMg(CO3)2); ◊ e quartz
(SiO2); A e albite (NaAlSiO3O8); ; e iron sulfite (FeSO3); D e paragonite (NaAl2(-
Si3Al)O10(OH)2); B e periclase (MgO); e sylvite (KCl).
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the pozzolanic activity of the investigated dust e cement samples
with the WRWCD additive also do not satisfy the test for pozzola-
nicity (Fig. 4).

Calorimetric analysis data showed that the WRWCD additive
prolonged the induction period of cement hydration as well as
RWCD (Fig. 5, a). It was fixed that this period lasts about 1 h 17min,
4 h 34min and 6 h 27min when 5, 15, and 20wt% of WRWCD were
used respectively, while induction period duration of the cement
sample without admixture was 50min. Furthermore, the heat flow
released throughout all hydration time of all cement samples with
WRWCD were lower than in samples with unwashed admixture or
in the pure cement sample. These findings show that the increased
heat of hydration of RWCD samples (Fig. 5, b) is attributed namely
to the substantial amount of chlorides in the chemical composition
of RWCD.

During the hydration of cement samples with the WRWCD ad-
ditive, a later heat flow was identified on the released heat flow
measurement curve at the second reaction period, compared to the
pure cement sample (Fig. 5, a). The second peak of the released heat
flow in the pure cement sample was fixed at 7 h 55min, while in
samples with 5 and 15wt% WRWCD after 10 h 07min and 14 h
24min respectively. When 20wt% of WRWCD additive was used, a
C3S hydration process is characterised by a negligible shoulder fixed
Fig. 10. Compressive strength of cement samples with different amounts of WRWCD
additives after 7, 28 and 90 days of hydration.
at 19 h 29min. The acceleration period in samples with the
WRWCD additive (in contrast to the case with the RWCD additive)
proceeds significantly slower compared to the plain Portland
cement samples because the height of the second peak of the heat
evolution decreases. Moreover, all samples with the WRWCD ad-
ditive up to 60 h of hydration emitted less heat energy than the OPC
sample (Fig. 5, b) and the emitted heat value was higher when the
lower part of cement was replaced with this additive. Summarising
the calorimetric research data, the results show that the WRWCD
additive (in contrast to the case with the RWCD additive) retard the
initial hydration of cement.

Even though both investigated additives (RWCD and WRWCD)
had a different influence on the initial hydration process of Portland
cement, the investigation of the compressive strength of the sam-
ples with the WRWCD additive showed that this admixture also
had a positive effect on the compressive strength of samples
(Fig. 10). After 7 days of hydration cement samples with 5e20wt%
Fig. 11. X-ray diffraction patterns of cement samples with 0e20wt% WRWCD additive
cured for 28 (a) and 90 (b) days under normal conditions. 1e0wt%, 2e5wt%, 3e15wt%,
4e20wt%. Indexes: ◊ e calcite (CaCO3), A e tricalcium silicate (Ca3SiO5), ⌂ e dical-
cium silicate (Ca2SiO4); C e brownmillerite (4CaO$Al₂O₃$Fe₂O₃); * e tricalcium
aluminate (Ca3Al2O3); V e portlandite (Ca(OH)2); R e calcium silicate hydrate
(Ca1,5SiO3,5,xH2O); B e gismondine (CaAl2Si2O8,4H2O); ; e Friedel's salt (Ca2A-
l(OH)6Cl(H2O)2); - e ettringite (Ca6Al2(SO4)3(OH)12,26H2O),�e dolomite
(CaMg(CO3)2); e albite (NaAlSiO3O8); , e periclase (MgO).



Fig. 12. Differential scanning calorimetry patterns of samples with different amount of the WRWCD additive cured for 28 (a) and 90 (b) days under normal conditions.

Table 5
Thermogravimetric analysis results of hydrated cement samples with 0e20wt% of the WRWCD additive.

Amount of WRWCD additive, wt.% Mass loss, wt.%

After 28 days of hydration After 90 days of hydration

90e200 �C 430e465 �C 90e200 �C 430e465 �C

0 4.77 2.34 5.16 2.86
5 4.79 2.56 5.53 3.05
15 5.28 2.31 5.46 2.84
20 4.82 2.11 5.00 2.02
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WRWCD had a higher compressive strength than OPC (64MPa).
The highest compressive strength (85MPa) exhibited the sample
with 10wt% additive. It was determined that 28 days cured samples
with 5, 10 and 15wt% WRWCD additive (94, 89 and 82MPa,
respectively) had a higher compressive strength than OPC
(81MPa). Even when 20wt% of WRWCD was used, the sample
exhibited 80MPa compressive strength. It was found that, when
curing timewas increased up to 90 days, samples with 5 and 10wt%
WRWCD additive had the highest compressive strength, 110 and
107MPa, respectively; whereas the sample with 15wt% additive
had the same compressive strength as Portland cement samples
without additive e 97MPa.

Considering the research data, it can be stated that 5e15wt% of
WRWCD additive (in contrast to the RWCD additive) had a positive
effect on the compressive strength of Portland cement samples
throughout all investigated period. Thus, additional washing of
waste dust is suitable in order to use this waste as an additive for
Portland cement.

The results of the XRD analysis (Fig. 11) showed that the part of
the tricalcium silicate, dicalcium silicate and brownmillerite re-
mains unhydrated and the main hydration products such as por-
tlandite, calcium silicate hydrate and ettringite in Portland cement
samples with 0e20wt% WRWCD additive form after 28 days of
hydration. The intensity of diffraction peaks characteristic for cal-
cium silicate hydrate (d-spacing: 0.304, 0.279, 0.182 nm; JCPDS 33-
0306) and portlandite (d-spacing: 0.492, 0.311, 0.263, 0.192 nm;
JCPDS 44-1481) grows with an increasing amount of the WRWCD
additive from 5 to 20wt%. Besides, the formation of gismondine (d-
spacing: 0.730, 0.333, 0.318, 0.269 nm; JCPDS 39-1373) was
observed in XRD curves (Fig. 11, a, curves 2e4) of Portland cement
samples with the WRWCD additive.

The main difference between XRD curves of the Portland
cement samples with washed and unwashed waste additive after
28 and 90 days of hydration is the identification of Friedel's salt.
After 28 days of hydration the peaks characteristic of Friedel's salt
was not identified in any samples, while only the obscure peak of
this compound was found on the XRD curve of sample with 20wt%
of the WRWCD additive after 90 days of hydration (Fig. 11, b, curve
4). Thus, the reducing of chlorides amount in an investigated waste
leads to the formation of a stable structure of the cement stone.

In all DSC curves (Fig. 12a and b) of the hydrated samples with
the WRWCD additive the same, as in case with the RWCD additive,
endothermic effects at 90e200 �C, 430e465 �C and 600e720 �C
were observed. Additionally, the new endothermic effect at 380 �C,
characteristic to brucite (Mg(OH)2) decomposition [34,35], and
negligible deflection at 320 �C (trace of Friedel's salt) was found in
the DSC curve of the sample with 20wt% WRWCD additive (Fig. 12,
b, curve 4) after 90 days of hydration.

The results of the thermogravimetric analysis (Table 5) showed
that, after 28 days of hydration, the highest mass loss related to
portlandite decomposition was in the sample with 5wt% of the
WRWCD additive, while these mass losses in samples with 15wt%
of theWRWCD additive and pure OPC samples were approximately
the same. With increasing duration of hydration time from 28 to 90
days, this trend persists. In the sample with 20wt% of the WRWCD
additive, a decrease of mass loss, related to portlandite
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decomposition from 2.11 to 2.02wt%, is fixed when the hydration
time prolongs from 28 to 90 days. This reduction of mass loss is
associated with already described Friedel's salt formation reaction,
although only traces of Friedel's salt were identified from the data
of the XRD and DSC analysis.

A higher mass loss of other cement hydration products (mainly
calcium silicate hydrates) decomposition at 90e200 �C was fixed in
all samples with the WRWCD additive than in the pure OPC sample
after 28 days of hydration. When hydration time increases to 90
days, the mass loss at 90e200 �C remains highest in the samples
with 5 and 15wt% of the WRWCD additive, while this mass loss in
the sample with 20wt% additive already was lower than that of the
OPC sample.

Thus, the WRWCD additive promotes the hydration process of
Portland cement as both major cement clinker hydrates (calcium
silicate hydrates and portlandite) are formed in the samples with
this additive.

In conclusion, it can be stated, that RWCD additive increases the
initial hydration of cement, however promotes the formation of
Friedel's salt under all experimental conditions and decreases the
compressive strength of samples. In contrary, WRWCD additive
retard the initial hydration of cement, but promotes the hydration
process of Portland cement at later period of hydration. Besides, it
increases the compressive strength of samples. The reduction of
chlorides amount in mentioned by-product leads to the formation
of a stable structure cement stone, meanwhile the maximum ad-
missible amount of washed and ground cupola dust waste is 15wt
%.

4. Conclusions

1. The main impurities of dust, collected in air filters during the
melting of mineral wool raw materials are halite and sylvite.
These impurities increase the initial hydration of cement and
promote the formation of a significant amount of Friedel's salt in
Portland cement mixtures with RWCD additive, and also
decrease the compressive strength of samples, which were
cured for 90 days.

2. The content of chlorides in the raw material was reduced from
4.901 to 0.612wt% by washing with water when the water-to-
solid ratio was equal to 10. Washed and ground cupola dust
retards the initial hydration of cement, but has a positive effect
on the compressive strength of the Portland cement samples.
When 5,10, and 15wt% of prepared dust additive were used, the
compressive strength of the samples after 28 and 90 days of
hydration was greater than that of the pure Portland cement
sample.

3. The reduction of chlorides amount in an investigated waste
eliminates the crystallization of Friedel's salt and leads to the
formation of a stable structure cement stone. Besides, it accel-
erates the hydration of calcium silicates and also promotes the
formation of gismondine.
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