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ARTICLE INFO ABSTRACT

Keywords: This article evaluates the ability of a magnesia kiln dust (PC-8) and a commercial calcined MgO (MCB100),
MgO combined with ground granulated blastfurnace slag (GGBS), as constituents of binary M-S-H binders. Mortars
GGBS . . and pastes were manufactured and their properties were compared to those of Portland Cement (PC). MgO-based
gii‘;i‘;ﬁ;hcate hydrate (M-5-H) mortars showed an increase in setting time and higher fresh consistency. At earlier ages MgO mortars showed
Mortar lower mechanical properties. At 90 days both MgO-based mortars overcame the PC flexural strength and PC-8 +

GGBS also overcame its compressive strength. X-Ray Diffraction and Thermogravimetry tests demonstrated the

presence of M-S-H in the pastes.

1. Introduction

MgO-based hydraulic binders are receiving increasing interest
because of their potential as alternative to Portland Cement (PC).
Reactive MgO in MgO-SiO,-H>O systems form poorly ordered nanosized
phyllosilicates with cementitious properties known as magnesium sili-
cate hydrates (M-S-H) [1-3]. Nowadays most of MgO is obtained by
calcination of natural magnesite rocks (MgCOs3) that, by firing, decar-
bonize as shown in Eq. (1), releasing about 1.1-1.4 kg of CO, for the
production of 1 kg of MgO [4-6].

MgCO3; — MgO + CO, (@]

The most important parameter of the magnesite rocks calcination is
the calcining temperature as it determines the properties of the MgO
manufactured. Below 1,000 °C MgO crystals have lower size, high
porosity and high specific surface area (SSA). As a result, MgO shows a
high level of reactivity. Increasing the calcination temperature at >
1,000 °C, MgO crystals’ size increases and SSA and reactivity reduces
[4,7-9]. Magnesite is a scarce and expensive raw material that is mainly
consumed for the manufacturing of refractory materials for the industry
[10]. Commercial magnesite calcination is carried out in rotary kilns
with crosscurrent air as shown in Fig. 1.

Magnesite rocks enter in the combustion chamber and advance as the
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kiln rotates. As magnesite advances it is heated and thereby decarbon-
ized by the combustion gases and the direct flame of the fuel burning.
After burning calcined magnesite is air cooled before leaving the kiln.
During the calcination, the countercurrent flow pulls dust magnesite
particles along the combustion chamber that are collected in cyclones
before the venting of gases to the atmosphere. This magnesia kiln dust
(MKD) contains a mix of unburned magnesite, calcined MgO and
eventually sintered MgO, depending on the part of the combustion
chamber where they were pulled from and the higher temperature they
were exposed to. The amount of MKD production supposes about 30% of
the calcined magnesite manufactured and it is usually marketed as a low
grade MgO byproduct. Published works have demonstrated the MKD
ability as a binder constituent for clay, expansive and sulfate soils sta-
bilization [11-13] and for the unfired clay bricks manufacturing
[14,15]. Nonetheless, nowadays the total consumption of MKD is lower
than its production, being an increasing economic and environmental
concern for the MgO industry, due to the world growing needs of re-
fractory materials [16]. Thus, new applications for this low grade
reactive MgO are required. The aim of this study has been to evaluate the
ability of a MKD and a commercial reactive MgO, combined with ground
granulated blastfurnace slag (GGBS), as constituents of binary M-S-H
binder systems for the production of ordinary masonry mortars. For this,
an experimental laboratory investigation of MKD-GGBS and MgO +
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GGBS mortars and pastes was carried out. PC was considered as refer-
ence. Fresh consistency, setting time, density, flexural strength and
compressive strength tests were conducted to characterize the
magnesium-based mortars fresh and cured properties as construction
materials. pH, X Ray Diffraction (XRD) and thermogravimetric analysis
were carried out to state the M-S-H gels formation.

2. Materials and methods
2.1. Materials

Two MgO sources were used in the laboratory investigation: A high
reactive commercial MgO obtained from magnesite rocks calcined at
1,100 °C, marketed as MCB100. The second MgO material was a MKD
recovered from the combustion gases of two kilns, working at 1,100 °C
and 1,800 °C respectively. This co-product is marketed under the name
PC-8. Both MgO samples were supplied by Magnesitas Navarras S.A.
company that produce them in its factory located in Zubiri (Spain).
Table 1 shows the chemical composition, parameters representative of
the reactivity and Fig. 2 shows the granulometry of the constituents of
the binders considered for the laboratory investigation.

GGBS is a by-product obtained during the manufacturing of pig iron.
It is formed by rapid cooling of molten iron slag to maintain an amor-
phous structure and it is grinded in order to increase its reactivity. The
sample available for this investigation was provided by Heidelberg
Cement Group (UK). As shown in Table 1, it has a big cementitious
potential because of its richness in reactive calcium, silicon and
aluminum oxides. PC used in this study was manufactured in accordance
with the European Standard EN 197-1 and is marketed in Spain under
the trade name CEM II/B-L 32.5 N. As aggregate for the mortars
manufacturing a commercial calcareous 0-4 mm sand from limestone
crushing was used.

2.2. Samples preparation

Pastes and mortars were manufactured for the laboratory investi-
gation. Fresh and cured binder characterization tests were carried out on
mortar samples meanwhile XRD and thermogravimetric tests were
conducted on pastes. For the paste and mortar samples manufacturing,
MgO product to GGBS binder proportion chosen was 20 wt% to 80 wt%.
For the PC pastes and mortar samples manufacturing, the ratio water to
cement was fixed in 1 to 2.5 (w/c = 0.4). For the MgO product samples,
the ratio water to binder was fixed in 1 to 1.5 (w/b = 0.6) because of the
MgO product mortars workability needs, in accordance with [17-21].
MgO products and GGBS were mixed in a laboratory mortar mixer for 5
min to guarantee the binder homogeneity. For the pastes manufacturing,
water was added to the mix of MgO product and GGBS or to PC and
mixed for 10 min to guarantee the mix homogeneity and the correct
moisture distribution. Paste samples were poured, vibrated and main-
tained in closed containers till the testing ages of 28 and 90 days. For the
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Table 1
Chemical composition, fineness and reactivity of the MgO binder constituents
and PC.

OXIDES (%) PC-8 MCB 100 GGBS PC
MgO 59.67 82.26 9.05 1.21
CaO 9.10 3.79 43.94 70.82
SO3 6.27 0.21 2.00 4.15
SiO, 2.80 3.41 32.18 14.12
Fey03 2.34 2.90 0.33 4.10
Al,O3 0.57 0.82 10.40 3.36
Loss of ignition at 1,050 °C 19.25 6.61 0.46 4.97
Reactivity in citric acid (min) 29 2 >600 >600
pH in water 10.66 10.88 9.82 11.88
Free lime (%) 0.81 1.04 0.28 3.67
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Fig. 2. Granulometric curves of the binder constituents.

mortars manufacturing, MgO products and GGBS were mixed in the
same manner described for pastes. Sand was added to the binary binders
or to PC and mixed for 5 min. Then water was added and mortars were
mixed for 10 min. Fresh mortars were cast into 4x4x16 cm molds and
compressed using a vibrating table for 30 s. After compaction, sample
surfaces were manually smoothed and maintained in laboratory condi-
tions for 24 h before unmolding. Unmolded mortar samples were cured
in water immersion till the testing ages of 7, 14, 21, 28 and 90 days.

2.3. Fresh and cured properties testing methods

The fresh consistency of the mortars were evaluated using the flow
table test, in accordance with the standard EN 1015-3. Mortars setting
time was determined by means of the Vicat needle method, in accor-
dance with the standard EN 480-2. Samples density was stated as the
ratio between the dry mass of each specimen and its corresponding
volume, measured by a digital caliper, in accordance with the EN 1015-
10. The mechanical properties of the mortars were studied by means of
the flexural (FS) and compressive strength (CS) at different curing ages.
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Fig. 1. MgO manufacturing process.
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FS and CS tests were carried out in accordance with the standard EN
1015-11.

2.4. Chemical testing methods

At the considered testing ages, samples of each paste combinations
were conditioned as follows to completely stop the cementation re-
actions: 50 g of each paste combination were ground and added to 250 g
of isopropanol in a beaker. The mix was shaken with a glass stirrer for 1
min and the result was filtered adding an additional quantity of iso-
propanol to clean the beaker. Once filtered, the sample was collected
and dried for 10 min in an extractor hood and after that the sample was
maintained for 24 h at 40 °C in a stove. Once the sample was dried it was
maintained in a closed plastic container with silica gel and a CO2 sorbent
till testing.

Specimen pH values were determined following the procedure
published in [8]. 10 g of paste specimen samples were dispersed in 100
ml of distilled water. After an hour of mixing, solids were filtered and pH
was measured by using a laboratory pH meter with an accuracy of +
0.01. Crystalline phases and the hydration products present in the paste
samples were investigated by XRD testing. This test was performed using
a powder diffractometer D8-Advance, Bruker Corp. A Cu-Ka X-ray tube
with an input voltage of 40 kV and a current of 40 mA was employed.
The samples were scanned for 2 theta value ranging from 4° to 70°, with
a step length of 0.05°, scanning rate of 3°/min.

Consumption of MgO, hydration products and M-S-H gels formation
were monitored at 28 and 90 days by thermogravimetric analyses (TGA/
DTG) in a METTLER-TOLEDO TGA/DSC 3 + system. Tests were con-
ducted with 10 mg of sample under an air flux of 100 ml/min and a
heating rate of 10 °C/min from room temperature to 900 °C, with a Ny:
O3 (4:1) oxidizing atmosphere.

3. Results and discussion
3.1. Mortar fresh properties

Table 2 shows the mortar fresh properties.

The fresh consistencies of the mortars observed were 177 mm for the
PC combination, 160 mm for the PC-8 + GGBS and 144 mm for the
MCB100 + GGBS one. As all the samples were manufactured main-
taining constant the aggregates to binder and water to binder ratios, the
differences in consistency would be attributed to the binder constituents
fineness [22-24]. As expected based on its coarser granulometry, PC
mortar showed the lower consistency. Nevertheless the consistent dif-
ferences observed between the PC-8 + GGBS and the MCB100 + GGBS
mortars cannot be attributed only to the small granulometric differences
between these two MgO products and would be due to differences of
water affinity between PC-8 and MCB100.

The setting time of the considered mortars are provided in Table 2.
The initial and final shorter setting times correspond to the PC sample,
with 200 and 317 min respectively. PC-8 + GGBS and MCB100 + GGBS
mortars showed an increase in initial and final setting times because of
their lower pH and rate of pozzolanic reactions compared to PC [22,25].

Table 2
Fresh properties, densities and pH values of the mortars.
Test Binder
PC-8 + GGBS MCB100 + GGBS CEM II 32.5
Flow table consistency (mm) 160 144 177
Setting time (minutes)
Initial 458 478 200
Final 1261 1450 317
Dry density (g/cm®) 1.88 1.88 1.96
pH
28 days 11.43 11.47 12.00
90 days 11.49 11.70 12.09
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PC-8 + GGBS reached shorter setting times than MCB100 + GGBS,
showing its higher hydration ability.

3.2. Mortar cured properties

PC combination reached the highest mortar density, 1.96 g/cm®,
demonstrating the ability of the C-S-H gels to form a denser structure
compared to the M-S-H ones [10]. PC-8 + GGBS and MCB100 + GGBS
combinations showed no density differences, achieving both mortars
1.88 g/cm®. The observed lower density of both MgO + GGBS mortars
agrees with those obtained by Dave et al. [22] and highlights the direct
effect of the binder fineness and the mortar density.

Fig. 3 shows the mortars flexural and compressive strength devel-
opment up to 90 days.

PC samples showed quick flexural strength development due to its
rapid hydration and high reactivity. At 7 days PC mortars reached 4.51
MPa which slowly increased till 5.25 MPa at 90 days. MCB100 + GGBS
and PC-8 + GGBS mortars showed a direct flexural strength increase
along the curing time. At the age of 7 days MCB100 + GGBS and PC-8 +
GGBS mortars reached 1.02 MPa and 2.59 MPa of flexural strength
respectively. At the age of 21 days PC-8 + GGBS samples showed a
flexural strength of 4.99 MPa, very close to the 5.23 MPa obtained by PC.
At the age of 90 days, MCB100 + GGBS and PC-8 + GGBS mortars
overcame the PC result, achieving 6.49 MPa and 7.14 MPa, respectively.
The lower flexural strength of the MgO-based mortars at the earlier
curing ages is probably due to the slower hydration ability and reactivity
of these binders, as stated by the setting times test and in accordance
with the results obtained by Jin and Altabaa [19] and Bernard et al.
[26]. Considering the calcining temperatures, reactivity parameters and
fineness of PC-8 and MCB100, the higher flexural strength reached by
the PC-8 + GGBS samples compared to these of MBC100 + GGBS is an
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Fig. 3. Mechanical strength of the mortars. a) Flexural strength and b)
Compressive strength.
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unexpected result. It could be related to the content of CaO of the PC-8
that would hydrate to form C-S-H gels contributing to increase the
flexural strength of the PC-8 + GGBS samples [27].

Compressive strengths of mortars are presented in Fig. 3-b. PC
samples reached compressive strength of 23.11 MPa at the age of 7 days
which increased slightly till 27.90 MPa at 90 days. This compressive
strength development agrees with the flexural strength and highlights
the quick hydration of the PC compared to the MgO-GGBS binary
binders. MCB100 + GGBS and PC-8 + GGBS combinations showed a
compressive strength development close to those observed in the flex-
ural strength due to the pozzolanic gels formation [22,28,29]. As well as
in the case of the flexural strength, PC-8 + GGBS samples showed higher
compressive strength than MCB100 + GGBS at all the curing ages. At 7
days, MCB100 + GGBS mortar showed 3.57 MPa compressive strength,
whereas PC-8 + GGBS reached 8.47 MPa. These values increased along
the curing time till reaching 19.36 MPa for the MCB100 and 31.68 MPa
for the PC-8 at 90 days. Only PC-8 overcame the PC compressive
strength between 28 and 90 days.

Flexural and compressive strength test results demonstrated the
convenience of the MgO + GGBS binary binders for the manufacturing
of ordinary masonry mortars with the required mechanical properties.
The higher ability of PC-8, a MKD, was also demonstrated, compared to
MCB100, a commercial reactive MgO product, to form cementitious
hydraulic gels, that achieved higher mechanical strength than PC.

3.3. Mortar chemical properties

pH values of the considered paste combinations at 28 days and 90
days are shown in Table 2. The pH of the pastes is related to the hy-
dration of MgO and CaO that transform into Mg(OH), and Ca(OH),
respectively, releasing OH™ to the paste dissolution. As expected PC, due
to its high content of available CaO, reached pH values of 12.0 at 28 days
and 12.08 at 90 days respectively, in accordance with Gu et al. [10] and
Shen et al. [6], among others. PC-8 + GGBS paste showed pH values of
11.43 at 28 days and 11.47 at 90 days, while MBC100 + GGBS achieved
11.47 and 11.70 at the same curing ages. These relatively high pH values
for MgO-based binders are probably due to the presence of CaO as well
in both MgO products as in the GGBS [3,7,8,19]. All the binders showed
very close results at both curing ages, probably due to the equilibrium of
the precipitation-dissolution of M-S-H and C-S-H gels and Mg(OH), and
Ca(OH);, respectively [30].

Fig. 4 shows the XRD diffractograms of the PC, PC-8 + GGBS and
MCB100 + GGBS pastes at 28 and 90 days.

MgO, Mg(OH)2, MgCO3 and CaCOs were identified in the diffracto-
grams of the pastes of PC-8 + GGBS and MCB100 + GGBS based on Jin
and al-tabbaa [7], Sonat el al.[8], 2017 and Tran and Scott [31]. MgO in
the pastes is related to their peryclase content, due to the calcination of
the magnesite rock. Brucite appears as well as in the PC-8 + GGBS as in
the MCB100 + GGBS pastes. Its presence demonstrated the existence of
reactive MgO in the PC-8 and MCB100 and its ability to hydrate. The
intensity of the brucite peaks was higher in the PC-8 + GGBS paste than
in the MCB100 + GGBS one, showing a better hydration ability of this
combination. For both MgO products, the intensity of the brucite peaks
increased since 28 days to 90 days, due to the MgO hydration along the
time. The presence of MgCO3 and CaCOj in the pastes was attributed to
non-calcined magnesite and calcite rocks. As expected based on their
different degree of calcination, PC-8 containing sample showed a higher
content of carbonates than MCB100 ones. M-S-H gels have a low crys-
tallinity structure and they were identified as well as in the PC-8 + GGBS
as in the MCB100 + GGBS pastes, as the broad peaks in the 17-28°,
32-39° and 58-62° range 20 angles [8,32-34].

Fig. 5 shows the TG and first derivative of TG (DTG) results of the
binder pastes. Since all samples were thoroughly dried before testing,
the loss of mass observed corresponds to the decomposition of hydrate
phases [3,8,35]. The first decomposition step generates peaks in the
DTG curves centered at about 90-105 °C. These peaks involve the loss of
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Fig. 4. XRD diffractograms of all paste samples at 28 and 90 days. a) PC-8 +
GGBS, b) MCB100 + GGBS and c) PC. (@: MgO, v: Mg(OH),, ll: MgCOs,
@: CaCOy).

poorly bound water absorbed in the surface and the interlayer of hy-
dration product structures. Cement paste showed the highest loss of
mass in this step, demonstrating a higher capacity of C-S-H gels
compared to M-S-H ones for the physically bounding of water. PC-8 +
GGBS achieved higher loss of mass than MCB100 + GGBS which could
be related to the capacity of both binders to produce M-S-H gels, in
accordance with the mechanical strength results. PC and MCB100 +
GGBS showed a higher loss of mass at 28 days than at 90 days in
accordance with the results obtained by Monteagudo et al. [36] but in
contradiction with those of Jin and Al-Tabbaa [19]. On the other hand,
PC-8 + GGBS reached very close results for both curing ages. This could
be due to the different hydration processes and resulting products ob-
tained by each binder because of their different reactivity. The second
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Fig. 5. Thermogravimetric analysis curves for the PC, PC-8 + GGBS and
MCB100 + GGBS pastes at 28 and 90 days. a) TG and b) DTG.

decomposition step corresponds to the dehydroxylation of brucite and
portlandite [35,37,38]. Thus, brucite decomposition is shown as a peak
in the PC-8 4+ GGBS and MCB100 + GGBS DTG curves at about 390 °C.
MCB100 + GGBS showed an expected reduction of this peak because of
the brucite consumption from 28 days to 90 days [19]. This reduction
was not visible in the PC-8 + GGBS DTG curve that points up the
probable consumption of brucite before 28 days in this binder. At 440 °C
PC curves show the portlandite dehydroxylation peak [38,39]. In PC-8
+ GGBS DTG curves, a peak centered at about 560 °C is observed, cor-
responding to the M-S-H dehydroxylation or more probably to the
magnesite decarbonation [2,7,8,26,40]. Above 650 °C till 750 °C calcite
decarbonation occurs [37-39]. PC DTG curve shows a deep decarbon-
ation peak corresponding to the PC limestone content. MCB100 + GGBS
and PC-8 + GGBS pastes show in the DTG curves two peaks centered at
655 °C and 665 °C respectively, corresponding to the calcite decompo-
sition [36,40]. The higher loss of ignition at 1,050 °C of the PC-8
compared to MCB100 points out its higher CaCO3 content and would
agree with these peaks intensity. Other authors attribute the losses of
mass at these temperatures to the dehydroxylation of magnesium or
silanol hydroxyl groups [3,8,33,41,42]. The mechanical strength results
of the PC-8 + GGBS samples demonstrated the higher ability of this
combination to produce M-S-H gels than MCB100 + GGBS one. This also
could justify the peaks shown in the DTG curves at 655 °C and 665 °C. So
both origins for these peaks are feasible as well as a possible overlapping
of dehydroxylation and decarbonation effects [19].
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4. Conclusions

In this paper binary binders have been prepared from a commercial
and by-product MgO sources, combined with GGBS. The ability of both
MgO products for the M-S-H systems formation was evaluated by means
of the characterization of fresh mortar properties, mortars mechanical
strength and pastes chemical properties. Both MgO binders required
higher w/b ratio for workability. PC-8-based binder reached higher
consistency than cement but lower than MCB100-based binder. Both
MgO-based binders reached identical densities, and slightly lower than
PC one, demonstrating the influence of these product fineness and the
w/b ratio in the mortar densities. MgO-based binders greatly increase
the initial and final setting times compared to PC, related to a lower
ability for their hydration and lower reactivity. MgO-based binders
showed initial lower mechanical strength that increased along the
curing time. Both MgO based mortars overcame PC flexural strength
before 90 days, having reached the PC-8 combination the highest flex-
ural strength result. PC-8 containing binder also achieved the highest
compressive strength. This demonstrate the good mechanical properties
of M-S-H systems compared to the C-S-H at long curing ages ones, and
the convenience of PC-8 to produce binary binders with GGBS,
compared to MCB100. XRD tests demonstrated the ability of the MgO
products to hydrate and to form M-S-H gels. TG/DTG test showed dif-
ferences in the dehydration, dehydroxilation and decarbonation pro-
cesses between the M-S-H and the C-S-H systems of the binders
considered. The differences observed between the PC-8 + GGBS and
MCB100 + GGBS combinations were attributed to the differences of
mineralogy and reactivity of both MgO sources. It should be noted that
the results and conclusions obtained are applicable to the specific ma-
terials used in this investigation and that other MgO products may
produce different results. As final conclusion, the higher potential of the
MKD as binder component for the mortars manufacturing can be stated,
compared to the commercial MgO source. Its longer setting times and
higher physical strength are properties with a very wide application
range related with large concrete works. Further investigations related
with massive concrete structures would be developed, where hydration
heat could be more easily dissipated for possible enhancement of the
concrete retraction capacity.
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