
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk

Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/159537/

Version: Accepted Version

Article:

Park, S., Park, H.M., Yoon, H.N. et al. (2020) Hydration kinetics and products of MgO-
activated blast furnace slag. Construction and Building Materials, 249. 118700. ISSN: 
0950-0618 

https://doi.org/10.1016/j.conbuildmat.2020.118700

Article available under the terms of the CC-BY-NC-ND licence 
(https://creativecommons.org/licenses/by-nc-nd/4.0/).

Reuse 

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long 
as you credit the authors, but you can’t change the article in any way or use it commercially. More 
information and the full terms of the licence here: https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://doi.org/10.1016/j.conbuildmat.2020.118700
https://eprints.whiterose.ac.uk/id/eprint/159537/
https://eprints.whiterose.ac.uk/


1 

Hydration kinetics and products of MgO-activated blast furnace 1 

slag 2 

 3 

Solmoi Park1,2, Hyeong Min Park3,4, H. N. Yoon2, Joonho Seo2, Cheol-Min Yang4,  4 

John L. Provis5 and Beomjoo Yang3,* 5 

 6 

1Department of Civil Engineering, Pukyong National University, 45 Yongso-ro, Nam-gu, 7 

Busan 48513, Republic of Korea 8 
 

9 
2Department of Civil and Environmental Engineering, Korea Advanced Institute of Science 10 

and Technology, 291 Daehak-ro, Yuseong-gu, Daejeon 34141, Republic of Korea 11 

 12 
3School of Civil Engineering, Chungbuk National University, Chungdae-ro 1, Seowon-gu, 13 

Cheongju, Chungbuk 28644, Republic of Korea 14 

 15 
4Institute of Advanced Composite Materials, Korea Institute of Science and Technology 16 

(KIST), 92 Chudong-ro, Bongdong-eup, Wanju-gun, Jeonbuk 55324, Republic of Korea 17 

 18 
5Department of Materials Science & Engineering, The University of Sheffield, Sheffield S1 19 

3JD, United Kingdom 20 

 21 

Abstract 22 

Hydration kinetics and products of MgO-activated slag are investigated by employing multiple 23 

analytical characterization techniques and thermodynamic modelling. The main hydration 24 

products of this cement are a calcium-aluminosilicate hydrate type gel, ettringite, monosulfate, 25 

hydrotalcite, brucite, and a third aluminate hydrate, while the extent of reaction and formation 26 

of reaction products significantly varied by MgO dosages. Higher dosage of MgO increased 27 

the degree of reaction of slag, and led to a higher population of Al in the octahedral region, 28 

which can be attributed to greater competition for Al required for the formation of hydrotalcite. 29 

The experimental and simulated volume of the solid binder increased as the MgO dosage 30 

increased, showing a good correlation with the strength increase of the samples with higher 31 

MgO dosage. 32 

Keywords: Blast furnace slag; MgO; Green cementitious composite; Thermodynamic 33 

modelling; Hydration 34 
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1. Introduction 1 

Blast furnace slag, a by-product of iron production, is one of the most widely used 2 

cementitious constituents of modern binders, and is typically used in concrete as a partial 3 

replacement of Portland cement (PC) [1, 2]. It can also be used without PC, through the addition 4 

of an alkali source yielding an alkali-activated slag binder [3, 4]. Slag-derived binders, 5 

activated using PC or other sources of activators, play an important role in the construction 6 

industry, not solely because of their improved durability performance [5-7], but also due to 7 

their reduced attributed environmental footprint compared to PC. 8 

The chemistry of slag-derived binders is strongly influenced by the selection of the 9 

activator [8-10]. The main reaction product of slag-blended PC is C-A-S-H gel, while the 10 

formation of secondary phases depends on the slag:PC ratio; increasing the slag content in slag-11 

PC blends leads to a decrease in portlandite and ettringite content, and an increase in 12 

hydrotalcite [11, 12]. Alkali-containing C-A-S-H (often represented as C-(N-)A-S-H using Na 13 

as the archetypal alkali metal) is the main reaction product in alkali-activated slag binders  14 

[13]. Similarly, the main reaction product of slag activated with near-neutral salts [14] or alkali-15 

earth metal oxides [15, 16] is a C-A-S-H type gel, while the secondary phases formed in the 16 

binder are dependent on the anions provided by the activator, i.e., Na2SO4-activated slag shows 17 

notable quantities of ettringite [17, 18], and calcium carbonates and gaylussite are formed at 18 

early age in the system activated with Na2CO3 [19]. 19 

The microstructural features and durability performance of slag binders are strongly 20 

associated with the binding phases present [20]. This means that the MgO supplied by the slag 21 

plays an important role in determining the characteristics of slag-derived binders, because its 22 

presence within slag glass can enhance the reaction kinetics of the slag [21, 22], and arguably 23 

more importantly, because it leads to the formation of Mg-Al layered double hydroxides as 24 
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secondary phases, and these factors to a significant extent govern the durability performance 1 

of concretes produced from these binders [23, 24]. In particular, alkali-activated slags with 2 

higher amounts of MgO supplied by the precursor, or with certain dosages of externally added 3 

MgO, have shown improved resistance to carbonation [25, 26] and to chloride ingress [27, 28]. 4 

For this reason, work has been conducted where MgO is used as an activator (or part of a multi-5 

constituent activator) for blast furnace slag [29-32]. Binders derived from slag activated by 6 

MgO are reported to exhibit mechanical properties that meet the requirements for use as 7 

construction materials, and consist of C-A-S-H as a primary reaction product in addition to a 8 

hydrotalcite-like phase [29-31]. However, the detailed chemistry and quantitative structural 9 

information of this type of binder are yet to be fully revealed. 10 

This study presents a detailed investigation of the hydration kinetics and products of 11 

MgO-activated slag. Blast furnace slag with a very low content of MgO (~3%) was obtained 12 

to explore its hydration behavior with the addition of supplemental MgO in the form of the 13 

activator; it is expected that there will be differences in material performance and hydration 14 

pathways in this system where the MgO is supplied as a rapidly-reacting activator separately 15 

from the slag glass, compared to the more usual case where MgO is released along with other 16 

binder constituents as the slag dissolves into the alkaline environment of the activating solution. 17 

The hydration kinetics and products are explored by employing multiple analytical 18 

characterization techniques in partnership with a thermodynamic modelling approach.  19 

 20 

2. Experimental procedure 21 

2.1 Materials and sample preparation 22 

The chemical composition of the blast furnace slag used in this study as obtained by 23 

the X-ray fluorescence analysis is shown in Table 1. The Rietveld refinement-based 24 
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quantitative analysis of the X-ray diffraction (XRD) pattern of the slag revealed that it consists 1 

of 0.5% portlandite, 0.5% lime, 1.2% calcite, 2.1% anhydrite and 95.7% amorphous phase. 2 

MgO (light-burned, 96% purity, and reactivity of 29.3 s in accordance with the acetic acid test 3 

[33]) was added at dosages of 0, 5%, 10%, and 20% by mass of the binder materials (slag + 4 

MgO). The particle size distributions of the raw materials are shown in Fig. 1. The BET surface 5 

area of the slag and MgO was 0.896 and 37.3 m2/g. The water-to-binder ratio was kept constant 6 

at 0.40 for all mixtures. The samples were prepared by dry-mixing the binder materials, and 7 

then adding deionized water. The mixtures were mechanically stirred for five minutes to ensure 8 

homogeneity. The fresh paste was poured into a mold, which was then sealed with a plastic bag. 9 

The samples were cured at 20 oC and 60% relative humidity until the designated test day.  10 

 11 

Table 1. Chemical composition of slag used in this study. All elements are represented in 12 

oxide form regardless of their oxidation state in the original slag. 13 

(wt%) CaO SiO2 Al2O3 MgO Na2O K2O SO3 Fe2O3 TiO2 Mn2O3 SrO LOI* 

Slag 44.8 33.5 13.7 2.9 0.2 0.5 1.7 0.5 0.5 0.2 0.1 1.4 

*Loss on ignition, determined in accordance with ASTM C114 14 

  15 
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 1 

Fig. 1. Particle size distribution of raw materials used in this study. The dv(50) of the 2 

slag and MgO was 14.0 and 4.3 µm, respectively. 3 

 4 

2.2 Test methods 5 

MgO-activated slag specimens were characterized by compressive strength testing, 6 

and then sample fragments retrieved after compressive strength tests were immersed in 7 

isopropanol and desiccated under vacuum to arrest hydration after 28 days of curing. The 8 

samples were ground to pass a 64 µm sieve where samples needed to be powdered. The 9 

characterization tools applied were mercury intrusion porosimetry (MIP), XRD, 10 

thermogravimetry/differential thermogravimetry (TG/DTG), and solid-state magic angle-11 

spinning nuclear magnetic resonance (MAS NMR) spectroscopy. The following conditions 12 

were employed for the analyses: 13 

- XRD: using a Rigaku SmartLab (Rigaku Corp.) instrument by employing CuKα 14 

radiation at 45 kV and 200 mA, a step size of 0.02, and a counting time of 1 s per step. 15 

- TG/DTG: on a TA Instrument Q600 device (PH 407), employing a heating rate of 10 16 

oC/min between 40-1000 oC in an N2 environment. 17 
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- Solid-state 29Si MAS NMR spectroscopy: using an Avance III HD Instrument (9.4 T, 1 

Bruker, Germany). A transmitter frequency of 79.51 MHz, pulse length of 30o (2.2 µs), 2 

spinning rate of 6 kHz, and relaxation delay of 22 s, a 5 mm HX-CPMAS probe and 5 3 

mm zirconia rotor were used for acquisition of 29Si MAS NMR spectra. A transmitter 4 

frequency of 156.32 MHz, pulse length of 30o (1.8 µs), spinning rate of 22 kHz, and 5 

relaxation delay of 2 s, a 2.5 mm HX-CPMAS probe and 2.5 mm low Al zirconia rotor 6 

were used for acquisition of 27Al MAS NMR spectra. The chemical shifts were 7 

referenced to TMS at 0 ppm and aqueous AlCl3 at 0 ppm, respectively.  8 

- MIP: using an Autopore VI 9500 (Micromeritics Instrument Corp.) by applying a 9 

pressure range of 0.2-413.7 MPa (30-60,000 psia) during the intrusion and extrusion of 10 

mercury. 11 

- Compressive strength tests: using an Instron 5985 instrument (INSTRON) by 12 

employing a loading rate of 0.2 mm/s on three 25 mm cubic paste samples. 13 

 14 

The phase assemblage of MgO-activated slag was modelled using the Gibbs energy 15 

minimization software GEM-Selektor v.3.5 (http://gems.web.psi.ch/) [34-36], coupled with the 16 

Cemdata18 database [37]. The modelling was commenced using 100 g of binder materials in 17 

which the MgO activator, and the CaO, SiO2, Al2O3, and MgO contained in the slag, were 18 

assumed to be reactive components [8, 13]. The total amount of the mineralogical phases 19 

identified by the quantitative XRD analysis of raw slag (lime, portlandite, anhydrite, calcite) 20 

were added to the system regardless of the reaction degree of the slag. The amount of SO3 21 

obtained by the XRF analysis was assumed to originate from the presence of anhydrite only. 22 

The residual amount of MgO as quantified by the quantitative XRD analysis was subtracted 23 

from the amount of MgO being introduced to the modelled system. The activity coefficients of 24 

aqueous phases were calculated using the extended Debye-Hückel equation [38], assuming a 25 

http://gems.web.psi.ch/
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KOH-dominated background electrolyte. 1 

  2 

3. Results 3 

3.1 XRD 4 

The XRD patterns of the MgO-activated slag are shown in Fig. 2. The XRD pattern of 5 

the raw slag showed peaks corresponding to the presence of calcite (CaCO3, PDF# 5-586), 6 

anhydrite (CaSO4, PDF# 37-1496), lime (CaO, PDF# 43-1001), and portlandite (Ca(OH)2, 7 

PDF# 4-733). The anhydrite appears to have been interground with the slag according to 8 

industrial practice in some parts of the world, and the portlandite is likely to have arisen from 9 

atmospheric hydration of the free lime present. 10 

The presence of C-S-H type gels in all activated samples is noted by weak Bragg 11 

reflections due to structural similarities with tobermorite (Ca5(Si6O16)(OH)2, PDF# 01-089-12 

6458), and these gels are expected to have some degree of Al substitution in the Si sites [39], 13 

although this cannot be unequivocally determined from the XRD data presented here. Calcite 14 

persists in the activated samples, and ettringite (Ca6Al2(SO4)3(OH)12ˑ26(H2O), PDF# 41-1451) 15 

is observed in all samples, while the peaks related to AFm phases such as monosulfate 16 

(Ca2Al(OH)6(S0.5O2(OH2)3), PDF# 01-083-1289) are identifiable in all samples with up to 10% 17 

MgO, and hemicarbonate (Ca8Al4O14CO2ˑ24H2O, PDF# 41-0221) is also present in the 0% 18 

MgO sample.  19 
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 1 

(c) 2 

Fig. 2. XRD patterns of MgO-activated slag at (a) 5-25o 2θ, (b) 25-45o 2θ, and (c) 7-13o 3 

2θ where peaks due to Al-bearing phases are particularly identifiable. The annotations 4 

indicate: M- MgO, P- portlandite, $- anhydrite, L- lime, C- calcite, B- brucite, CSH- C-5 

S-H type gel, E- ettringite, H- hydrotalcite, Hc- hemicarbonate, and S- monosulfate. 6 

 7 

On the other hand, the samples with higher dosages of MgO showed peaks due to 8 

brucite (Mg(OH)2, PDF# 7-239), and the evolution of a layered double hydroxide (LDH) phase 9 

that shares structural similarities with hydrotalcite (Mg6Al2CO3(OH)16ˑ4H2O, PDF# 00-022-10 

0700). As depicted in Fig. 2 (c) the LDH phases in the low-MgO samples are AFm-structured 11 

monosulfate and hemicarbonate, while the LDH phases in the high-MgO samples are in the 12 

hydrotalcite group. Meanwhile, the Rietveld refinement-based quantitative XRD analysis of 13 

the samples with MgO showed that 18%, 16% and 13% of the MgO was not hydrated in the 14 

5% and 10% and 20% MgO samples, showing that a minor quantity of MgO remained in the 15 

binder matrix. 16 
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The formation of ettringite appears to be unaffected by the incorporation of MgO, since 1 

all samples showed peaks of similar magnitude that are assigned to ettringite. It is important to 2 

note that ettringite formation in slag-based binders is greatly dependent on the chemistry of the 3 

slag; ettringite was reported to be absent from alkali-activated slag incorporating MgO [31] or 4 

MgO-activated slag [32] when the slag used did not contain a noticeable amount of sulfate. In 5 

contrast, ettringite is identified as the main hydration product in commercial slags that contain 6 

calcium sulfate or gypsum and are hydrated without the aid of chemical activators [40], and is 7 

also predicted in thermodynamic simulations of phase assemblages resulting from alkali-8 

activation across quite a wide range of slag compositions [13]. It is interesting that the role of 9 

Mg in alkali-activated slags has been identified to include a significant degree of control over 10 

the availability of Al for incorporation into C-S-H type gels and other phases, but its addition 11 

here does not appear to reduce Al availability to a degree that influences ettringite formation.  12 

 13 

3.2 TG/DTG 14 

The TG and DTG curves of the MgO-activated slag are shown in Fig. 3. All samples 15 

showed DTG peaks at 90 oC due to the evaporation of physically absorbed water from C-S-H 16 

type gels [41], and at 680 oC due to decarbonation of calcite [42, 43]. The samples with MgO 17 

showed increasing intensity of the DTG peak at 60 oC and of the shoulder at 100-200 oC as 18 

MgO was added. These peaks are attributed to the removal of absorbed and interlayer water, 19 

respectively, from layered double hydroxides [44]. It can be inferred that the formation of 20 

hydration products in these samples, namely C-A-S-H, AFt and AFm phases, was enhanced by 21 

increased dosage of MgO. 22 

These samples also showed a peak from 260-450 oC, centered at 360-400 oC, which 23 

shifted toward higher temperatures as the MgO dosage increased. Considering that 24 

dehydroxylation of hydrotalcite and brucite occur at 310 oC [44] and 400 oC [45], respectively, 25 
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the decomposition processes of these two phases can be reflected by the DTG peak at this 1 

position, and indicates that the increased MgO dosage in the samples led to more hydrotalcite 2 

and brucite being formed in the samples. 3 

 4 

(a) 5 

 6 

(b) 7 

 Fig. 3. (a) TG and (b) DTG curves of MgO-activated slag. 8 
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 1 

3.3 Solid-state 27Al MAS NMR spectroscopy 2 

The 27Al MAS NMR spectra of the MgO-activated slag are shown in Fig. 4. The 3 

melilite-like glassy network of slag is often characterized by a broad resonance centered at 65 4 

ppm due to the presence of tetrahedral Al sites [46]. New resonances with varying intensity 5 

depending on the samples are observed at 52 to 80 ppm and -10 to 15 ppm in the spectra of the 6 

0, 5, 10 and 20% MgO samples, due to the presence of tetrahedral Al in C-S-H type gels (C-7 

A-S-H) [47-50] and octahedral sites in AFt/AFm and hydrotalcite-group phases [39, 51], 8 

respectively. 9 

The intensity of the resonance due to the tetrahedral sites was significantly reduced by 10 

higher MgO dosage, indicating a potential decrease in the Al in unreacted slag as the activation 11 

increased the extent of reaction, and in C-A-S-H as there was greater competition for Al due to 12 

the formation of the hydrotalcite-like LDH. Correspondingly, an increase in intensity was 13 

observed in the octahedral region, and the increase in the resonance at 9-10 ppm due to the 14 

presence of hydrotalcite-type LDH structures (which also overlaps an AFm contribution) was 15 

particularly notable. While this observation is in agreement with the XRD pattern showing 16 

increased peak intensity of hydrotalcite upon increased MgO dosage in the samples, the 17 

intensity of the resonance assigned to ettringite at 13 ppm [51] was relatively lower as the 18 

intensity of hydrotalcite and the MgO dosage in the samples increased. Hence, the 27Al MAS 19 

NMR spectra of the MgO samples provided more detailed information regarding the local Al 20 

environment in addition to what was obtained from the XRD analysis. The spectra of the MgO 21 

samples also showed resonance at 6-7 ppm which is closely associated with the presence of 22 

third aluminate hydrate [46].  23 

 24 
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 1 

Fig. 4. 27Al MAS NMR spectra of MgO-activated slag. 2 

 3 

3.4 Solid-state 29Si MAS NMR spectroscopy 4 

The 29Si MAS NMR spectra of the MgO-activated slag are shown in Fig. 5, and the 5 

deconvolution results of the spectra are summarized in Table 2. The deconvolution was 6 

performed using OriginPro software by introducing component peaks at site locations 7 

identified in previous studies [46, 52-54], with the width of each peak (FWHH) constrained to 8 

be no more than 5 ppm. The resonance of the raw slag was simulated using the Gaussian 9 

LorenCross function, and it was able to be well described by a single peak of this shape, while 10 

the Si sites in C-A-S-H were modelled using Gaussian functions.  11 

The relative areas of the unreacted slag contributions to the spectra of the samples with 12 

0% and 5% MgO at 28 days were 85% and 86%, showing the unactivated slag and that at this 13 
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low MgO dose have similar reactivity. For the other samples with higher MgO dosages, there 1 

was a clear increase in the reaction degree. This is in fair agreement with the 27Al MAS NMR 2 

spectra which showed a reduction in the intensity of the resonance assigned to the unreacted 3 

slag upon the addition of MgO. Although the reaction degree of slag in alkali-activated binders 4 

varies greatly depending on the precursor and activator chemistry and the slag fineness, it has 5 

been reported as 76% [46], 52-55% [55], and 32-38% [56] at a similar sample age as in this 6 

study (28 days) when estimated using NMR and SEM techniques. The reaction degrees of the 7 

10% and 20% MgO samples (38% and 42%, respectively) at 28 days were similar to the 8 

samples activated with a near-neutral salt activator (sodium carbonate), which was 36-59% [21] 9 

at a similar sample age. 10 

The spectra of 10% and 20% MgO samples showed non-zero resonance contributions 11 

from Q2, Q3(1Al) and Q4(nAl) sites, while those of the other samples approached zero in the 12 

chemical shift range corresponding to these sites. This implies that the bridging sites in C-A-13 

S-H chains of the 0% and 5% MgO samples are occupied by Al (as all of the mid-chain sites 14 

identified were in Q2(1Al) coordination). 15 

 16 
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 1 

Fig. 5. 29Si MAS NMR spectra of MgO-activated slag samples. 2 

 3 

Table 2. Deconvolution results for 29Si MAS NMR spectra of MgO-activated slag 4 

samples.  5 

Sample 
Unreacted 

slag 

Reaction products 

Q0 Q1(I) Q1(II) Q2(1Al) Q2 Q3(1Al) Q4(nAl) 

-73 ppm -78 ppm -81 ppm -84 ppm -86 ppm -89 ppm -93 ppm 

Raw slag 100 - - - - - - - 

0% MgO 85 5 4 3 3 - - - 

5% MgO 86 4 2 5 3 - - - 

10% MgO 62 8 10 5 11 2 1 2 

20% MgO 58 6 10 11 10 2 2 1 

 6 
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 1 

3.5 Thermodynamic modelling 2 

The calculated phase assemblage of the MgO-activated slag, as a function of the MgO 3 

dosage, is shown in Fig. 6 (a). The amount of unreacted slag estimated from the deconvolution 4 

of 29Si MAS NMR spectra of the samples was used to calculate the phase assemblage, and the 5 

degree of reaction was interpolated from 0 to 20% MgO dosage by linear regression. Similarly, 6 

the residual MgO quantified by the quantitative XRD analysis was described by second order 7 

polynomial as a function of the MgO dosage. It is noted that strätlingite is present in a minor 8 

quantity and stable when the MgO amount is <0.5%. C-A-S-H, hydrotalcite-like phase and 9 

ettringite are predicted as the major hydration products of the system, and a minor quantity of 10 

monocarbonate and calcite are also present throughout the simulated range of the MgO/binder 11 

ratios. The stability and thermodynamic preference of monocarbonate can be due to the fact 12 

that the kinetics of calcite dissolution is not considered in the thermodynamic modelling, while 13 

the formation of hemicarbonate as identified in the XRD pattern of the 0% MgO sample can 14 

be due to the slower dissolution rate of calcite, which would stabilize hemicarbonate over 15 

monocarbonate. 16 

The volume of ettringite presents a marginal decrease as a function of the MgO dosage, 17 

while the volumetric increase of other major phases C-A-S-H, brucite and the hydrotalcite-like 18 

phase is more pronounced. This result supports the 27Al MAS NMR results and suggests that a 19 

relative increase in the intensity due to the presence of LDH and AFm phases (or a relative 20 

decrease in the intensity of ettringite) as observed in the 27Al MAS NMR results can be due to 21 

the precipitation of the hydrotalcite-like phase. Moreover, the potential decrease of Al/Si in C-22 

A-S-H at higher MgO dosage as suggested by the 27Al MAS NMR is also found possible 23 

according to the thermodynamic calculation of the gel composition of C-A-S-H shown in Fig. 24 

6 (b). 25 
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The thermodynamic calculation suggests that the chemical composition of C-A-S-H 1 

and the hydrotalcite-like phase notably change up to 3% MgO/binder (Fig. 6 (b)), showing that 2 

the Ca/Si and Al/Si ratios of C-A-S-H are predicted to increase from 1.20 to 1.28 and decrease 3 

from 0.14 to 0.098, respectively, and the Mg/Al of the hydrotalcite-like phase increases from 4 

2.2 to 2.9. Both the Ca/Si of C-A-S-H and Mg/Al of the hydrotalcite-like phase are much higher 5 

than those expected in the slag activated with Na-activators (i.e., ≈ 1 and ≈ 2.3, respectively 6 

[8]). Note that The volume of these phases are expected to continuously increase after this 7 

dosage, despite that their chemical compositions are predicted to remain mostly constant after 8 

this dosage, as their upper/lower limits are reached. The role of MgO used as a chemical 9 

activator for slag can be described as changing the compositions of the reaction products at the 10 

dosage below 3% by mass, while it is mainly associated with increasing the dissolution of slag 11 

at higher dosage. The enhanced dissolution of slag at higher MgO dosage can be due to the 12 

increased pH in the pore solution. 13 

The volume occupied by the solid reaction products was higher at increased MgO 14 

dosage, implying that increased MgO would lead to a higher degree of hydration and less 15 

porosity. Hence, there is potential for higher strength to be attained in the samples with more 16 

MgO if the classical gel-space ratio holds for these cements [57]. 17 

 18 
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(a) 2 

 3 

(b) 4 

Fig. 6. Simulated (a) phase assemblage of MgO-activated slag and (b) chemical 5 

compositions of C-A-S-H and hydrotalcite as a function of MgO dosage  6 

 7 

3.6 MIP 8 

The cumulative pore volume curves of the MgO-activated slag shown in Fig. 7 (a) 9 

decrease as the MgO dosage is increased. This agrees with the thermodynamic modeling results 10 

which predicted more volume of the solid binder due to the enhancement of the degree of 11 
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hydration by MgO incorporation. The reduction in the pore volume of the samples is thus 1 

attributed to the higher degree of hydration, which led to a higher volume of hydrates present 2 

in the matrix.  3 

The first derivatives of the cumulative pore volume curves are shown in Fig. 7 (b). The 4 

pores in the 0% MgO sample showed dominant pore populations at effective entry diameters 5 

of 32 and 50 nm. The pores with diameters of 10-100 nm were reduced with increasing dosage 6 

of MgO, and the pore size distribution of the 20% MgO sample in particular showed no 7 

dominant feature at this region. Instead, the MgO-activated samples showed increased porosity 8 

at diameters of <10 and 100-1,000 nm. It is interesting that pores with larger diameters were 9 

present in the samples activated by MgO, which leads to formation of more hexagonal hydrates, 10 

brucite, and may increase the pore volume in this diameter range as similar with the case of 11 

portlandite in hydrated Portland cement [58-60]. 12 
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 1 

(b) 2 

Fig. 7. (a) Cumulative pore volume and (b) first derivatives of cumulative curves of 3 

MgO-activated slag. 4 

 5 

3.7 Compressive strength 6 

The compressive strengths of the MgO-activated slag cements at 3, 7, and 28 days are 7 

shown in Fig. 8. The samples showed an increase in strength as a function of curing time, 8 

constantly increasing until 28 days. Higher MgO dosage also led to an increase in the strength 9 

(except at 3 days). A similar result can be found in [61], where it was reported that the strength 10 

of slag activated by reactive MgO at 28 days was highest when the MgO dosage was 20%, 11 

while that at 90 days was surpassed by the sample with 10% MgO. 12 

The strength increase of the samples upon MgO addition is attributed to the reduction 13 

of reduction due to the enhanced degree of hydration, mainly leading to the formation of C-A-14 

S-H along with some ancillary phases (e.g. brucite) in the binder matrix. 15 

 16 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

1 10 100 1,000 10,000

∆V
/∆

lo
g
D

 (
a
.u

.)

Pore diameter, D (nm)

0% MgO

5% MgO

10% MgO

20% MgO



21 

 1 

Fig. 8. Compressive strength of MgO-activated slag at 3, 7 and 28 days. The error bars 2 

indicate one standard deviation at either side of the mean of three samples. 3 

 4 

4. Conclusion 5 

The hydration kinetics of MgO-activated slag was investigated by employing multiple 6 

analytical characterization techniques and a thermodynamic modelling approach. The 7 

hydration products of MgO-activated slag system are identified as a C-A-S-H type gel, 8 

ettringite, monosulfate, hydrotalcite, brucite, and a third aluminate hydrate. Higher dosage of 9 

MgO increased the degree of reaction of slag, and significantly altered the hydration products 10 

formed in the system. In particular, a higher population of Al was present in the octahedral 11 

region than in the tetrahedral region, due to a potential decrease in the Al uptake by the C-S-H 12 

type gel, and greater competition for Al for the formation of the hydrotalcite-like LDH. The 13 

phase assemblage predicted by the thermodynamic modelling generally showed fair agreement 14 

with the experimental observations, while the formation of hydrotalcite in the present model 15 
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was not significantly increased by higher MgO dosage, unlike the experimental findings. The 1 

cumulative pore volumes of the samples decreased as the MgO dosage was increased, showing 2 

close agreement with the thermodynamic modelling results, and are well correlated with the 3 

measured strength. Consequently, the strength increase of the samples upon MgO addition can 4 

be attributed to the porosity reduction due to enhanced degree of hydration, leading to the 5 

formation of C-A-S-H along with some ancillary phases. 6 

 7 
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Appendix A. Rietveld analysis 1 

The XRD patterns of the samples were simulated by refining the scale factor, cell parameters, 2 

peak profiles and preferred orientation. CeO2 (SRM 674b, NIST) was used as an external 3 

standard. The background was described using the first-order Chebyshev function coupled with 4 

a 1/x term. The background in the XRD pattern of the raw slag was described using a 5 

polynomial function. The anhydrous slag and C-A-S-H were fitted using arbitrary phases, 6 

respectively, which were obtained by whole pattern fitting to improve the fitting results. The 7 

obtained phase assemblage was normalized to g/100g of binder by correcting it for the bound 8 

water as measured by the TG. 9 

 10 

Table A1. Phases used in the Rietveld analysis 11 

Phase Chemical formula PDF no. 

Lime CaO 43-1001 

Portlandite Ca(OH)2 4-733 

Anhydrite CaSO4 37-1496 

Calcite CaCO3 5-586 

Ettringite Ca6Al2(SO4)3(OH)12·26H2O 41-1451 

Hemicarbonate Ca4Al2(OH)12(OH)(CO3)0.5·5H2O 41-0221 

Monocarbonate Ca4Al2(OH)12 (CO3) ·5H2O 01-087-0493 

Hydrotalcite Mg2Al(OH)6(CO3)0.5·1.5H2O 01-089-0460 

Periclase MgO 43-1002 

Brucite Mg(OH)2 7-239 

 12 

 13 

  14 
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  1 

  2 

 3 

Figure A1. Decomposition of the Rietveld analysis of the samples 4 

 5 

Table A2. Phase assemblage of the samples in the unit of g/100g of binder 6 

Phase Raw slag 0% MgO 5% MgO 10% MgO 20% MgO 

Lime 0.5     

Portlandite 0.5     

Anhydrite 2.1     

Calcite 1.2  0.7 0.7 0.5 

Ettringite  4.1 5.1 4.6 3.8 

Hemicarbonate  0.3 0.3 0.5 0.9 

Monocarbonate   0.5 0.6 0.7 

Hydrotalcite  0.3 0.3 0.6 1.0 

Periclase   0.9 1.6 2.7 

Brucite   0.9 3.6 10.3 

10 20 30 40 50 60

-20k

0

20k

40k

60k

80k

100k

120k

140k
In

te
n
s
it
y
 (

c
o
u
n
ts

)

2θ (o) CuKα

 Observed

 Fitted

 Difference

 Individual phase

Rwp = 2.46%

(a) Raw slag

10 20 30 40 50 60

-20k

0

20k

40k

60k

80k

100k

120k

140k

In
te

n
s
it
y
 (

c
o
u
n
ts

)

2θ (o) CuKα

 Observed

 Fitted

 Background

 Difference

 Individual phase

Rwp = 2.52%

(b) 0% MgO

10 20 30 40 50 60

-20k

0

20k

40k

60k

80k

100k

120k

140k

In
te

n
s
it
y
 (

c
o
u
n
ts

)

2θ (o) CuKα

 Observed

 Fitted

 Background

 Difference

 Individual phase

Rwp = 2.46%

(c) 5% MgO

10 20 30 40 50 60

-20k

0

20k

40k

60k

80k

100k

120k

140k

In
te

n
s
it
y
 (

c
o
u
n
ts

)

2θ (o) CuKα

 Observed

 Fitted

 Background

 Difference

 Individual phase

Rwp = 2.90%

(d) 10% MgO

10 20 30 40 50 60

-20k

0

20k

40k

60k

80k

100k

120k

140k

In
te

n
s
it
y
 (

c
o
u
n
ts

)

2θ (o) CuKα

 Observed

 Fitted

 Background

 Difference

 Individual phase

Rwp = 3.40%

(e) 20% MgO



25 

Appendix B. Quantification of brucite 1 

The mass of brucite formed in the samples was obtained by the thermodynamic modelling, 2 

Rietveld analysis and the TG, as shown in Fig. B1. The obtained quantitative results for brucite 3 

were normalized to g/100g of the binder by correcting for the bound water as measured by the 4 

TG. The mass of brucite was obtained from the DTG curve using the tangential method by 5 

integrating the area under the mass loss hump due to dehydroxylation of Mg(OH)2 centered at 6 

360-400 oC. The mass of brucite quantified by the TG gives a value notably higher than that 7 

obtained by the other two methods, indicating that it can be contributed by the dehydroxylation 8 

of the brucite-like layer in the hydrotalcite-like phase. 9 

 10 

 11 

Figure B1. Mass of brucite obtained by the thermodynamic modelling (GEMS), 12 

quantitative XRD analysis and TG 13 
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Appendix C. Deconvoluted 29Si MAS NMR spectra 1 

 2 

The 29Si MAS NMR spectra for the MgO-activated samples was decomposed using the 3 

OriginPro 9 software by introducing a component peak at the chemical shift where the relevant 4 

Si sites are known to resonate (e.g., [21, 26, 46, 62]). The component peaks were simulating 5 

using the Gaussian function, while the spectrum of the raw slag and its resonance in the 6 

hydrated samples were simulating the GaussianLortentz function built in the software.  7 
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 1 

Figure C1. Decomposed 29Si MAS NMR spectra of the raw slag and the MgO-activated 2 

slag samples. 3 

 4 
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