o oy 4
<@ sustainability m\p\py

Article

Optimization of MgO-GGBS Cementitious Systems Using
Thermo-Chemical Approaches

Blessing Adeleke *(2, John Kinuthia ‘© and Jonathan Oti

check for

updates
Citation: Adeleke, B.; Kinuthia, J.;
Oti, J. Optimization of MgO-GGBS
Cementitious Systems Using
Thermo-Chemical Approaches.
Sustainability 2021, 13, 9378. https://
doi.org/10.3390/5u13169378

Academic Editor: Sergio Mendez

Received: 3 August 2021
Accepted: 19 August 2021
Published: 20 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Engineering, Faculty of Computing, Engineering and Science, University of South Wales,
Pontypridd CF37 1DL, UK; john kinuthia@southwales.ac.uk (J.K.); Jonathan.oti@southwales.ac.uk (J.O.)
* Correspondence: blessing.adeleke@southwales.ac.uk; Tel.: +44-1443-482167

Abstract: The current study investigated the development of a sustainable thermo-chemical approach
to effectively optimize MgO-waste activated GGBS formulations, using four types of magnesium
oxide (MgO) waste materials with ground granulated blast-furnace slag (GGBS) to develop binary
cementitious systems (MgO-GGBS). This stems from the expected complexity of cementitious binder
optimization outcomes into a simpler analytic form, enhancing the rapid delivery of optimization
results and contributing to the global awareness of sustainable approaches and use of industrial
wastes. Three levels of Portland cement by weight (90, 80, and 70 wt.%) was replaced with MgO
wastes including an industrial by-product (GGBS) to develop an experimental regime. Investigation
was carried out by employing an experiment-based optimisation technique (thermo-chemical ap-
proach), which involved the design of an experimental regime and application of experimental tests
(pH measurements, thermogravimetric and derivative thermogravimetric analysis—TG/DTG and
isothermal calorimetry), establishment of design variable/parameters, measurement of the design
performance of the identified design parameters, and review of the relationship between the inde-
pendent (control) and dependent variables (MgO wastes and their compositions). The experimental
test results successfully optimised the binder compositions, established the best performing binder
system (MG1), and provided an in-depth insight into the thermal stability and hydration kinetics of
the investigated binder systems.

Keywords: magnesium oxide waste; cementitious binder; industrial by-products; heat of hydration;
isothermal calorimetry; thermogravimetry

1. Introduction

The production and application of new cementitious materials can be a cuambersome
task in understanding and discovering an optimum mix composition. This is due to the
virtually infinite number of possible binder compositions (different oxides stoichiometry)
that could be investigated even if one is restricted to the main material oxides (Ca, MgO,
Si0,, Al O3, and H,O) to produce calcium silicate hydrate (C-S-H) and magnesium silicate
hydrate (M-S-H) precipitate amongst other formations [1-5]. Abdolhosseini Qomi et al. [6]
suggested that small differences in the structure and composition could significantly impact
on the properties of the developing binder systems. This could be further complicated
based on the impact of the thermodynamic conditions (pH, temperature, relative humidity,
pressure, etc.) on the structure of the developed binders at varying compositions [7].

The traditional Edisonian technique for optimization constantly used by various
researchers (i.e., adding varying/random fractions of SCMs to PC or MgO) based on a
“trial-and-error” approach has been found to possess limited or inaccurate results, which
will not likely result in further research discovery [8]. This necessitated the investiga-
tion and application of several systemic/theoretical optimisation techniques such as ex-
pert, algorithmic/mathematical (Tagushi, Maxwell, and PROMETHEE II method), and
experiment-based optimisation techniques. The expert and algorithmic/mathematical
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(Tagushi, Maxwell, and PROMETHEE II method) technique has been reported to be often
time-consuming, is critically reliant on the existence of large databases of reliable and
consistent data that are presently lacking, and requires a step-by-step method for estab-
lishing the right mix composition and associated parameters to obtain the most effective
blend system. However, the experiment-based optimisation technique could require a
certain level of technical knowledge and expertise for its application [9-14]. The basic
principle that underpins the experiment-based optimisation technique involves the design
of an experimental regime and application of experimental tests (isothermal calorimetry,
TG/DTG, and pH measurements), the identification and establishment the design vari-
able/parameters with maximum and minimum limits, the measurement of the design
performance of the identified design parameters (hydration kinetics etc.), and a review of
the relationship between the independent (control) and dependent variables (MgO wastes
and their compositions). Recent investigations into the sustainable application of MgO
for cementitious systems have shown its potential to mitigate the negative environmental
impacts of PC [2,15,16]. Yi et al. [17] compared the use of MgO and PC for developing
cementitious binder systems and found 70-72% less energy consumption, a 65-79% CO,
emission reduction, and a 6-13% reduction in the cost of MgO production compared to PC.

Regarding the design parameters, it is worth noting that the performance of cementi-
tious formulations has recently been found to be a key focal point of interest with respect to
the monitoring of heat evolution during a hydration process. This stems from the hypoth-
esis that the performance of cementitious systems could be predicted by monitoring the
generated heat during hydration, which can be measured by a calorimeter [18]. Therefore,
the heat of hydration, which is the integral of the heat production rate (thermal power)
in a hydration process, is very essential for investigating hydration rates, variation in
temperature changes within the cementitious binder composition, and classification of
binder compositions based on their reactivity [19,20]. Some thermochemical approaches
have been used to evaluate the hydration kinetics of Portland cement [18,21,22]. Nev-
ertheless, the application of isothermal calorimetry, thermogravimetric and derivative
thermogravimetric analysis (TG/DTG), and pH measurements for MgO-GGBS system
have not been well-established in the existing literature for binder optimisation. Until now,
most researchers have concentrated on the application of this experimental tool at a later
stage of research for a predetermined mix composition, rather than the initial optimization
of cementitious binder systems. Therefore, the laboratory tests will be employed as an
optimization tool in the current study to further simplify the expected complexity of the
optimisation of an emerging binder system (MgO-GGBS) into a simpler analytic form that
can be examined from the laboratory tests.

The current study reports the outcome of a thermo-chemical optimisation approach,
which was employed to establish the best performing MgO-waste:GGBS binder system
developed from four (4) different types of MgO-waste material, upon inclusion with GGBS
based on the aforementioned design parameters (intensity of heat of hydration, alkalinity
levels, magnitude and duration of forming calorimetric peaks, type and magnitude of the
formed hydration cementitious peaks, and overall thermal behaviour of the developed
binder systems). The outcomes of this study were intended to provide further insight
into the hydration kinetics of using MgO wastes and GGBS as an activator and precursor,
respectively, in relation to binder optimization and improve on the sustainability impacts of
applying this thermo-chemical approach. However, optimization as related to the chemical
and thermal performance of the binder systems was only considered in the current study.

2. Materials and Methodology
2.1. Materials

Characterisation of materials employed in research is a key parameter of understand-
ing the composition/structure of the investigated material and potential performance
within a system developed prior to any optimization process. The materials used for
this research were Portland cement—PC (CEM 1-42.5N), magnesium oxide wastes (MgO),
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ground granulated blast-furnace slag (GGBS), and de-ionized water. PC was manufactured
in compliance with BS EN 197-1 [23] and supplied by Lafarge Cement UK. GGBS as a
latent hydraulic material was supplied and used in accordance with BS EN 15,167-1 [24] by
Civil and Marine Ltd., Llanwern, Newport, UK. The MgO specimens are waste products
obtained as by-products from the mining activities of magnesite (MgCO3) by Magnesitas
Navarras, Navarra, Spain. There are four (4) different types of MgO wastes, which are
identified as MG1, MG2, MG3, and MG4 in the current study. XRD (X-ray diffraction)
analysis was carried out on the raw binder samples under room temperature using a STOE
Powder Diffraction System with operating conditions of CuK« sealed tube. This was
operated at a radiation of 1.54060 nm with a measurement range from 10 to 80 26(0) at
0.0150 step in compliance with ASTM C1365-18 [21]. A qualitative phase analysis (QPA)
was further carried out on the XRD patterns using a Match3! Analysis software to identify
the crystalline cement phases [22].

Tables 1 and 2 and Figure 1 shows the chemical composition, properties, and XRD
plots for all the binder materials (CEM I, MG1, MG2, MG3, MG4, and GGBS). Some of
the main identified crystalline phases are periclase (MgO) at 42.9, 62.3, 75.1, and 78.926(0),
lime (CaO), quartz (S5iO,), anhydrite (CaSO;), and alite (3Ca0O-5i0;). It was observed that
calcium oxide (CaO), silicon dioxide (SiO,), magnesium oxide (MgO), and sulphur trioxide
(S0O3) are the dominant elements within the compositions of the identified magnesium
oxide wastes. This was further substantiated by the XRD patterns indicating the crystallized
forms (minor clinker and cement phases) of the identified elements as periclase (MgO) at
42.9,62.3,75.1, and 78.920(0), lime (CaO), quartz (S5iO,), gypsum (Anhydrite—CaSOy), and
alite (3Ca0-Si0,).

Table 1. Chemical composition of blended materials.

Composition (wt.%)

Oxide CEM I MG1 MG2 MG3 MG4 GGBS
CaO 61.49 9.39 3.8 6.02 3241 37.99
Si0, 18.84 251 333 490 1.20 35.54

ALO; 477 0.52 0.83 1.09 0.52 11.46
MgO 3.54 56.26 78.44 4561 2479 8.78

Fe,03 2.87 213 2.82 243 1.05 0.42

Mn,Os 0.05 0.15 027 0.16 0.08 0.43
SO; 312 6.22 0.30 1.85 17.83 1.54
TiO, 0.26 0.01 <0.01 0.04 <0.01 0.70
K,0 0.57 0.18 0.10 0.10 0.23 0.43
Na,O 0.02 0.09 0.03 0.06 0.13 0.37
P,0s 0.10 0.06 0.06 0.06 0.05 0.02
V505 0.06 0.10 <0.01 0.10 0.07 0.04
BaO 0.05 0.01 <0.01 0.01 <0.01 0.09

LOI 4.30 22.30 10.70 37.40 21.80 2.00
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Table 2. Properties of blended materials.

Binders
Properties
CEM 1 MG1 MG2 MG3 MG4 GGBS
Particle diameter
Median ds (m) 18.86 16.24 18.72 62.74 6.52 13.69
Physical properties
Colour Grey Light-Brown  Very palebrown  Greyish brown  Pale brown Off-white
Bulk density (kg/m?) - - - - - 1200
Particle density/Specific 3.16 2.86 291 2.88 2.65 2.90
gravity (Mg/m>)
Others
pH value 12.86 10.79 12.04 11.09 12.95 10.20
Reactivity (m) - 30 1.8 >1440 >1440 -
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Figure 1. XRD plots for binder materials.

The XRD patterns for GGBS indicated a rather glassy phase, while the particle size
distribution shown in Figure 2 was performed using a Malvern Mastersizer 2000 equipment
in accordance with BS EN ISO 17,892—4 [25], and it indicated that the ds; values for MG1,
MG2, MG3, and MG4 as 16.24, 18.72, 62.74, and 6.52 pum, respectively. This shows that
MG4 was the finest material, while MG3 was the least fine material among the four types
of binders. Additionally, the reactivity values as shown in Table 2 indicate the level of
reactivity for each MgO waste material. However, it should be noted that smaller values
indicate high reactivity [26]. Therefore, in the order of reactivity, MG1 is more reactive than
others while MG3 is the least reactive.



Sustainability 2021, 13, 9378

5o0f22

100

90

80

70 r

60

50

40 r

30 F

20

Cummulative percentage passing (%)

100 1000

10
Particle size (um)
Figure 2. Particle size distribution curves for CEM I, MG1, MG2, MG3, and MG4 and GGBS.

2.2. Mix Design and Sample Preparation

The dry MgO-waste-GGBS mixtures were designed with the mind-set of using MgO
as a waste material (blend mixtures with a large amount of MgO-waste) to activate lower
proportions of GGBS. This was found to be necessary due to the current trend of using
MgO as an activator [2,3,5,27,28], instead of exploiting the overall expected sustainability
potential and impact of using MgO in large quantities as a waste material within a mix
design. Table 3 shows the mix design for seventeen (17) blend compositions for the dry
sample mixtures. They were produced by using three (3) levels of MgO-waste proportions
by weight (90, 80, and 70 wt.%) with GGBS to produce groups of four blend systems (MG1,
MG2, MG3, and MG4), while the control mix was composed of 100 wt.%CEM I. The dry
powders of MgO-waste with GGBS were measured to the predetermined quantities, placed
in a mechanical mixer, and thoroughly mixed for 10 min. This was done to ensure the ho-
mogeneity of the mixtures, as it was established that the attainment of homogeneity for dry
binder samples could be problematic due to the inherent lower shear force between the fine
particles, even with increased blending time [20]. Additionally, ceramic balls were placed
in the mechanical mixer to further improve on the homogeneity of the mixes. Afterwards,
the blended mixes were stored in well-labelled flat tins and placed in a desiccator after the
completion of the mixing regime. Figure 3 shows the schematic layout of the experimental
mix design.
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Table 3. Experimental mix blends showing anhydrous blend mixes.

Composition (wt.%)

Mix System Blend Composition
CEM1 MG1 MG2 MG3 MG4 GGBS
CEMIsystem 100CEM 1:0GGBS 100 - - - - :
(Control)
90MG1:10GGBS - 90 - - - 10
MGI1 System 80MG1:20GGBS - 80 - - - 20
70MG1:30GGBS - 70 - - - 30
90MG2:10GGBS - - 90 - - 10
MG2 system 80MG2:20GGBS - - 80 - - 20
70MG2:30GGBS - - 70 - - 30
90MG3:10GGBS - - - 90 - 10
MGS3 system 80MG3:20GGBS - - - 80 - 20
70MG3:30GGBS - - - 70 - 30
90MG4:10GGBS - - - - 90 10
MG4 system 80MG4:20GGBS - - - - 80 20
70MG4:30GGBS - - - - 70 30
Mix design
v
. ’ MG tystem (7 MG2 system [ MG3 s¢tcm 7 MG4 s¢ tem
CEM I system ¥s s

(Control) 90MG1:10GGBS 90MG2:10GGBS 90MG3:10GGBS 90MG4:10GGBS

{IOOWL% CEM 1 80MG1:20GGBS 80MG2:20GGBS 80MG3:20GGBS SOMG4:20GGBS

L 70MG1:30GGBS |, 70MG2:30GGBS 70MG3:30GGBS 70MG4:30GGBS

v v ‘ 3

Isothermal
calorimetric
analysis

Thermal
analysis

pH analysis

Figure 3. A schematic representation of the experimental mix design.

2.3. Experimental Techniques

The pH values for each binder composition were obtained in accordance with BS EN
ISO 787-9 [29] using a Hanna HI-8314 water-resistant hand-held pH, mV /Temperature
Meter with an HI-1217D pre-amplified pH electrode/internal temperature sensor at an
accuracy of +0.01. The test was carried out in triplicate and the average value evaluated
and recorded. A suspension was developed using five grams (5 g) of the designed blend
mixtures (Table 3) with 50 mL of deionized water in a 100 mL glass beaker and mixed
vigorously using a magnetic stirrer. The suspension was allowed to stand for 5 min to allow
the residue to settle. Afterwards, the electrode in the portable pH/mV /°C meter was then
inserted in the solution and the pH value obtained. The thermal analysis (thermogravimet-
ric and derivative thermogravimetric analyses (TG/DTG)) was investigated using a Hi-Res
TGAS5 TA Instrument thermal apparatus for the phases present in the hydration reaction
of the blended compositions in compliance with ASTM E2550-17 [30]. The dry sample
mixtures were initially placed in a desiccator at a low temperature of 400 °C containing
silica gel for accelerated drying of samples to a constant weight. This was performed to
remove any free water and to preserve the hydration products and any other combustible
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phases [31]. The dry sample mixtures were tested in alumina crucibles under an argon
gas atmosphere at a heating rate of 100 °C/min up to 1000 °C. The weight loss (%) and
derivative weight d(Weight)/d(D) (%/°C) data were logged, collated, and analysed using
a TRIOS Thermal Analysis software.

Calorimetric analysis was carried out to investigate the hydration kinetics of the
proposed experimental blend mixtures (binders) by directly measuring the rate of heat pro-
duced during the hydration process within a thermostated isothermal calorimetry chamber.
The heat production rate (thermal power) was determined at a controlled temperature for
a period of 72 h using a ToniCAL Isothermal Calorimeter from Toni Technik, Germany
(Figure 4). Five grams (5 g) of the dry sample for the different types of MgO-GGBS compo-
sitions were placed in a calorimetry specimen tube [32]. The specimen tube was placed in
the calorimetry chamber covered with a lid, and deionized water was introduced using a
syringe after equilibrium had been achieved within the thermostated chamber to produce
a paste using a w/b of 0.5. The heat produced during the hydration reaction was detected,
stored, and analysed using a data acquisition system (ToniDCA Analysis software) in
compliance with BS EN 196-11 [33].

Handle (turned clock
wisely) for insertion of
5 -]

ter into dry speci
waler into dry spectmen le—— Calorimetric chamber
Syringe
Deionized water E = Needle
Specimen test tube Jl—
Anhydrous sample —_— g TPC
(dry specimen) —
{C]

Measuring Cell Control unit
Figure 4. A schematic representation of a ToniCAL Isothermal Calorimeter.

3. Results
3.1. pH Analysis

Figure 5 presents an illustration of the pH levels for the various MgO-waste:GGBS mix
compositions that were produced for each binder system. The results show the performance
of the pH levels of binder compositions using three (3) high levels (90, 80, and 70 wt.%)
of MgO wastes (MG1, MG2, MG3, and MG4) with GGBS and 100 wt.% CEM I (Control).
It was observed that the mix compositions within the M4 binder system all produced
significant pH values of 13 (90 wt.%), 13.1 (80 wt.%), and 13.1 (70 wt.%), which are all 5%
lower than that of the control mix (100 wt.% CEM I) that produced a pH value of 13.9. An
obvious reason for this trend could be due to the combined individual amount of Calcium
(Ca) content from MG4 and GGBS present within the blend compositions for MG4 blend
systems. However, the MG2, MG3, and MG1 binder systems all produced lower pH values
within the range of 11.1-11.2, which was about 23-25% lower than that of the control mix.
A possible justification for the lower pH values could be due to the lower combined amount
of Ca present within the MgO:GGBS compositions within each binder system (MG2, MG3,
and MG1). Generally, the results of the pH values indicate that all the mix compositions
within each binder system are all alkaline (basic) in nature (11-14).
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Control MG1 System MG2 System MG3 System MG4 System

Blend Systems

Figure 5. pH summary of mix blend systems.

3.2. Thermal Analysis

Figures 6-9 shows the TG/DTG plots for all the blend compositions within each MgO
waste blend system. Generally, MgO wastes had a large impact on the hydration process as
they can be seen to have influenced the pattern of the TG/DTG curves that were produced
for all the blended mixtures compared with GGBS.

100 ——
—— MGl
90 + | ——GGBS D:
——— 90MG1:10GGBS 2
- - - - 80MG1:20GGBS =
-------- 70MG1:30GGBS 2
- 8 1t | ——DTG-MGI ®
< ——— DTG-GGBS 1013 5
g‘;) —— DTG-90MG1:10GGBS E"
B - - - - DTG-80MG1:20GGBS =
- 0T DTG-70MG1:30GGBS =
5
D
=
60 + iz
B
—
50

0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figure 6. TG and DTG analysis results for blended mixtures with MG2 waste.
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—— DTG-80MG2:20GGBS
-------- DTG-70MG2:30GGBS

500 600 700

Temperature (°C)

Figure 7. TG and DTG analysis results for blended mixtures with MG2 waste.
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—— DTG-80MG3:20GGBS
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Figure 8. TG and DTG analysis results for blended mixtures with MG3 waste.
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Figure 9. TG and DTG analysis results for blended mixtures with MG4 waste.

Four main endothermic peaks are evident at location points 1, 2, 3, and 4 for blend
systems MG1, MG3, and MG4 with corresponding weight losses at varying temperature
ranges. However, blend compositions in the MG2 blend system only achieved three
endothermic peaks. The position of each endothermic peak depends mainly on the type of
structure and the binding of the hydroxyls of the MgO wastes and GGBS, whereas their
(endothermic peaks) shape and range depend more on the crystallinity or particle size
distribution of the MgO wastes and GGBS [34]. The highest peak intensities were developed
by MG3 type of MgO waste material at every location (1, 2, 3, and 4) followed by MG1,
MG4, and MG2, respectively. This trend of peak intensity heights was also concurrent with
the blend compositions (90, 80, and 70 wt.% MgO content) produced by the MgO wastes as
they could have been largely influenced by the MgO waste material in each composition.
It was also evident that all the blend compositions in each blend system exhibited the same
pattern as the individual MgO material waste. This suggests that the MgO material had
a major influence on the performance of the developing MgO:GGBS binder. However,
this was not the case for the individual GGBS as it exhibited only an endothermic peak
at 680 °C, which is the lowest peak intensity. For the MgO:GGBS systems, all the blend
compositions with 90 wt.% MgO content produced the highest endothermic peak intensity
for all the blend systems. Moreover, there was a gradual reduction in endothermic peak
intensities for every gradual reduction in the quantity of MgO waste (90, 80, and 70 wt.%)
in each blend system (MG1, MG2, MG3, and MG4).

Figure 10 shows the summary of total weight losses after the complete thermal analysis
of all the blend compositions for each MgO waste blend system, which were obtained
from the TG /DTG plots in Figures 6-9. This is one of the optimization design criteria for
choosing the best performing binder system. The largest weight loss was experienced
by MGS3 blend system with 90, 80, and 70 wt.% MgO content within the range of 24-31%
while the lowest weight loss was experienced by the control (3.2%). However, blend
compositions within the MG2 blend system produced the lowest weight losses within the
range of 6-7%. With respect to each individual binder material (MG1, MG2, MG3, MG4,
and GGBS), Figures 6-9 shows that only GGBS was considerably stable (1.6%), while other
material components experienced a significant individual weight loss of 7.7% (MG2), 13.8%
(MG4), 20% (MG1), and 34% (MG3), respectively.
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Figure 10. Weight loss (%) due to thermal analysis for blended mixtures.

3.3. Isothermal Calorimetric Analysis

Figures 11 and 12 show a summary of the evolution of the first and second thermal
peaks that were obtained from the calorimetric plots in Figures 13-16 for the various
hydrated blend systems after 72 h at 25 °C. A significant evolution of thermal powers was
evident in the first peak (18-184 ] /gh) for all the investigated blend systems in comparison
with thermal powers produced in the second peak (0-32 J/gh). The blend compositions
within the MG4 blend system produced the largest intensity of first thermal powers within
the range of 153-184 ]/ gh, while those from MG3 blend systems produced the lowest first
thermal powers within the range of 18.2-21.8 J/gh. Another obvious observation was
the gradual reduction in the production of thermal power for every percentage reduction
in in the quantity of MgO content (90, 80, and 70 wt.%) for all the MgO waste materials
(MG1, MG2, MG3, and MG4). The magnitude of thermal powers that were produced in the
second peaks within the MG1 systems, were significantly higher and about 48-60% higher
than the Control. The reverse was the case for the mix compositions produced from other
blend systems (MG2, MG3, and MG4 systems), as their thermal powers were considerably
lower (0-56%) than the control.
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Figure 16. Calorimetric curves for blended mixtures in MG4 blend system after hydration at 25 °C.

Figure 17 shows the calorimetric heat of hydration (HOH) peaks for the hydrated mix
compositions, which were obtained from the calorimetric plots in Figure 18. Regarding the
blend systems, the mix compositions that were produced from the MG1 systems produced
the largest magnitude of HOH within the range of 191.2-255.3 ] /g, while MG3 systems
produced the lowest HOH of 42.1-64.6 ] /g. A continuous trend of an increase in the
production of calorimetric HOH was evident for all the hydrated mix blends. Although
the control mix composition (100 wt.% CEM I) produced the maximum HOH value of

339.5]/g, all other blend systems (MG1, MG2, MG3, and MG3) showed potential for more
production of HOH.
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Figure 18. Calorimetric heat of hydration curves for hydrated blended mixtures after 72 h at 25 °C.

4. Discussion

4.1. pH Investigation

pH or “potential for hydrogen” analysis is a vital parameter used within soil science
to properly characterise and understand the activation levels of binder materials. It utilizes
a quantitative analysis to measure the acidity or basicity/alkalinity of aqueous solutions,
which essentially translates to the inherent amount of hydrogen ion/activity. The observed
variation in pH for the blend compositions in MG1 blend system could be due to the low
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pH value of the individual MG1 waste materials, which influenced the overall pH value of
each MgO:GGBS blend composition. The trend observed for MG2 and MG4 blend systems
of no significant change in pH value could be attributed to the high individual pH for MG2
(12.04) and MG4 (12.95) compared with GGBS (10.20), which is suggested to have largely
influenced the combined pH of each MgO:GGBS blend. Generally, the reduced pH value
for the MgO waste blend systems shows a positive impact of its application as it could
lead to low solubility of heavy metals within the waste materials (MgO wastes), which
eliminates contamination of the environment through leaching of the cementitious binders
within a stabilised product [35].

Generally, the low-pH values that were established for the MgO wastes (MG1, MG2,
MGS3, and MG4) compared with the control give an indication of a good binder/alkaline
earth metals in acting as an activator to industrial by-products (GGBS). The alkalinity levels
raised the pH of the initial hydration reaction, which is required to break the silicon dioxide
bonds and facilitate a reaction to form a condensed structure [36]. In addition, this is a good
attribute (low pH) for a binder system, to easily flocculate cations within the interlayer of a
clay structure and improved overall binder-clay compatibility [37].

4.2. Thermal Investigation

The thermal performance of cement and cementitious systems is a key requirement
for understanding their behaviour after undergoing a TG/DTG analysis, which primarily
measures the change in weight (individual and total weight loss), identifies various hy-
dration phases (endothermic peaks), and provides an indication to the thermal stability
(dehydroxylation, decarbonation, dehydration, decomposition, melting of phase transition)
of the investigated blend compositions [20]. A summary of the identified cementitious
phases in the investigated un-hydrated MgO blend systems are shown in Table 4. This was
based on the decomposition of the expected crystalline/amorphous hydration phases from
the existing literature. Generally, the observed weight losses between temperature peaks of
0 and 600 °C are attributed to water loss, while those above 600 °C are primarily associ-
ated with the release of carbon dioxide or decarboxylation [20]. The cementitious phases
at varying peak points (temperature) are suggested as brucite, gypsum (dihydrate and
anhydrite phase), magnesium silicate hydrate (M-5-H) gel, calcium silicate hydrate (C-S-H)
gel, calcium hydroxide, calcium carbonate (calcite), magnesite, and hydrotalcite [20,38,39].

Table 4. Identification and comparison of hydrated cementitious phases for blended mixtures.

Hydrated Cementitious Phases

S];l(te:i . Loose Water (H,O) (Cas szyl-rl’:gl-l&as 04) Brucite (Mg(OH),) Magnesite (MgCOs3) Caldl(lg; ggzonate
Peak Temp. Peak Temp. Peak Temp. Peak Temp. Peak Temp.
Location Q) Location Q) Location Q) Location ©Q) Location Q)
MG1 1 105 - - 2 371 3 537 4 737
MG2 1 103 - - 2 360 - - 3 709
MG3 1 101 - - 2 401 3 658 4 782
MG4 - - 1,2 105-371 3 446 - - 4 703

The endothermic peak points 1 for blend systems MG1, MG2, and MG3 at 101-105 °C
in this study is in line with the findings of Sonat and Unluer [7], who attributed the water
loss to the dehydration of loose or poorly bound hydroxyl groups within the element
structure. Klein and Hurlbut [40] reported that gypsum is composed of parallel layers
of (SO4)** groups in its structure that are strongly bonded to (Ca®*) while the parallel
layers are bound together by weak water molecules. This explains the decomposition
of gypsum at different forms of calcium sulphate dihydrate (CaSO,4-2H,0) to calcium
sulphate anhydrite (CaSOy) between 85 to 400 °C [38,39,41], which is in line with the
observed endothermic peaks at location 1 and 2 for MG4 blend system at 105 to 371 °C.
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The observed peak attributed to the formation of brucite (Mg(OH),;) was mainly due to
the hydration of magnesium oxide and in the context of thermal analysis, and it occurs
when there is the development of a peak within the temperature range of 300 to 450 °C [7].
Bernard et al. [35] attributed this peak as the dihydroxylation of magnesium hydroxyl
groups (Mg-OH) present within the blend mixtures. The presence of brucite also gives a
positive indication of the potential for the formation of cementitious hydrates (M-5-H gel
or hydrotalcite) from the investigated alternative binder system [42,43]. With reference to
other identified hydrated cementitious phases, calcium carbonate decomposed further at
high temperatures between 642-782 °C for the analysed blended mixtures (Table 4). This is
in line with the findings of Song et al. [44] and Collier [39] on the temperature ranges of
650-740, 600-800, and 650-900 °C, respectively, for a complete decomposition of calcium to
form calcium carbonate (calcite). This later-stage decomposition can also be attributed to a
carbonation effect with respect to the decomposition of calcite present within the blend
compositions [45].

The weight loss that was observed is one of the vital parameters for the current binder
optimisation process so that the successful binder system will not have a negative impact
(shrinkage tendency) on the overall stability of the blend compositions and robustness of the
stabilised product that it was applied to. A possible justification for this individual weight
loss could be due to the high amount of loss of ignition of carbon compounds for each
MgO waste material (L.O.I from XRF analysis detailing the material oxide compositions
in Table 1). In addition, the reduction in the magnitude of endothermic peaks for the
blend compositions in each blend system (Figure 10) could be attributed to the increased
amount of GGBS content in each mix composition with every gradual reduction in the
quantity of MgO waste (90, 80, and 70 wt.%), which possesses stronger crystalline bonds
within its molecular structure compared with the binder materials (MgO). Another possible
justification could also be attributed to the strength capacity of bonds between the structural
layer and hydroxyl group of the hydrated cementitious compound in the blend composition
(brucite) [35,44].

4.3. Isothermal Calorimetric Investigation

The hydration reaction for hydrated blended mixtures with MgO can be explained
using the simple hydration kinetics reaction, as a function of the generated thermal power
(J/gh) and heat of hydration (J/g) [18]. Generally, the activation process of GGBS by
reactive MgO begins with an initial destruction of the bonds within the GGBS composition
e.g., Mg-0O, Ca-0O, S5i-O-5i, AI-O-5i, and Al-O-Al, which is subsequently followed by the
development of a Si-Al inter-surface layer over the grains of the GGBS material. Thereafter,
Mg?* either reacts with Si-O or Al-O to produce a cementing hydrate mainly as C-S-
H gel and M-S-H gel or hydrotalcite/magnesium aluminate hydrate—M-A-H [5,15,46].
Therefore, an overall hydration reaction for a MgO-waste-activated GGBS composition can
be summarized in Equation (1).

MgO + (CaO—MgO — Al,O3 — Si0,) GGBS + H,0 @
—+C—-S—H+M-S—H+M—-A—H(Ht)+C—A—-S—H

The rapid increase in thermal production (1st peak) at the initial reaction stages for
all the analysed MgO-waste:GGBS blended mixtures can be attributed to the combined
exothermic reaction experienced during the hydration of calcium oxide (CaO) and mag-
nesium oxide (MgO) present within their individual composition. This is in line with the
research by Amaral et al. [47], who suggested that Mg?* cations and anions (C1~ and SO4%*)
have an effect on the thermodynamics and kinetics of a hydration reaction. Therefore,
the heat that was experienced with respect to MgO-waste blended mixtures results from
the hydration of MgO (Equation (2)), which readily dissolves upon contact with water to
mostly form brucite [48,49].

MgO + H,O = Mg(OH),, AH = —81.02 k] mol ! 2)
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The extent of thermal power production in the MgO waste:GGBS and CEM I binder
systems largely depends on the combined effects of heat production from the CaO and
MgO with its associated CaO in the GGBS content. Therefore, the combined presence of
CaO within MgO:GGBS composition gives rise to the presence of an increased amount of
tricalcium aluminate (C3A), which is responsible for the initial reaction stage [21,50-52].
Some researchers also suggested that the initial sudden thermal power production can also
be caused by ettringite formation, due to the hydration reaction that occurs during the com-
plete decomposition of gypsum present within the developed blended mixtures from cal-
cium sulphate hemihydrate (CaSO4 1/2H0) to calcium sulphate dihydrate (CaSO4-2H,0)
phase [53]. This phenomenon well explains the high initial thermal peak that was observed
for blended mixtures with MG4, which is composed of high levels of sulfur trioxide (SO3)
in comparison with the control and other MgO waste materials (see Table 1).

The gradual reduction in the first thermal peaks (thermal power generation) for
every percentage increase in replacement levels of PC with MgO waste materials in all
the blend systems could be attributed to the large replacement levels of PC (70, 80, and
90 wt.%), which is expected to increase the amount of CaO that is responsible for the initial
exothermic reaction resulting in the formation of ettringite, cracks, false strength, and flash
setting of the hydrated product [21]. This reduction phenomenon could also be attributed
to the reduction in the amount of MgO present within the blended mixtures. This is in line
with the research by Amaral et al. [47] who suggested that Mg?* cations and anions (C1~
and SO42*) have an effect on the thermodynamics and kinetics of a hydration reaction.
All the blend mixtures experienced an induction period that is more pronounced in MG1
and MGS3 binder systems (Figures 13-16) in which the duration was largely dependent on
each material of the blended mixture and binder system. Taylor et al. [54] attributed this
occurrence that varies across the blended material as a period of slow hydration reaction
with a low production of thermal power, where the protective layer that was developed
over the particles of the tricalcium silicate (C3S) in the initial exothermic/hydration reaction
was later destroyed by either phase formation, pH, amount of Ca?*, or ageing (Figure 19).
Additionally, the duration of induction period varies across the blended material. It is
worth knowing that the occurrence of the second exothermic peaks was mainly due to the
further hydration reaction of the released Cs5S after the initial reaction and induction stage,
resulting in the production of more exothermic thermal powers for increased hydration [21].
However, the produced peak and time for complete hydration is material-dependent.

HYDRATING
TRICALCIUM
SILICATE GRAIN

Inner hydration
product

Middle or
barrier layer

Original
boundary

Outer product

Figure 19. Schematic representation of a hydrating C3S (alite) grain [55].

A continuous period of slow reaction was observed after the second thermal power
peak for all the blended mixtures (Figures 13-16). This was where the produced ther-
mal powers began to level off with further hydration reaction between MgO and the
silica/alumina present within the blended mixture composition. The further hydration
reaction was quite slow for all the blend systems and can be attributed to the high magne-
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sium oxide content (Mg?* cations and anions), which possesses a retarding effect on the
thermodynamics and kinetics of the hydration reaction [47].

Generally, the continuous trend of increase in the production of calorimetric HOH
for the MgO waste:GGBS blends as a result of increased hydration could be attributed to
the presence of pozzolanic materials within their compositions, which is responsible for
the generation of more HOH at later stages [18]. In addition, this phenomenon could be
attributed to the fine particles of GGBS that are required for accelerated hydration reaction
kinetics by MgO to create more heterogeneous nucleation sites and continuous production
of the hydration compound—M-5-H gel [56]. The maximum HOH experienced by blended
mixtures with MG1 could be a result of the high reactivity levels of MG1 (type of MgO)
used compared to others. However, the fall in calorimetric HOH that was experienced
by some of the blended mixtures could be the exhaustion of the activator present within
the mixture for continuous hydration reaction process and the reduced amount of water
present within the mix, resulting in delayed hydration reaction kinetics [57]. Hence, the mix
compositions within the MG1 and MG2 binder system exhibited potential for increased
generation of HOH due to the superior performance from other identified blend system
(MG3 and MG4).

5. Conclusions

The current study investigated the application of a sustainable and economically viable
thermo-chemical approach using a set of experimental regimes as a tool for binder system
optimization. This approach enabled a quick determination of the best performing binder
systems before any civil engineering application (soil stabilisation, mortar, concrete, etc.).
Therefore, the following conclusions can be drawn based on the outcomes of the study:

1 The thermochemical optimisation approach revealed the potentials of MgO waste
materials to effectively replace PC up to 90 wt.% within a MgO-GGBS cementitious
system and can describe the chemical and thermal performance of the investigated
MgO:GGBS compositions with a set design criteria well.

2 MGI binder systems were established as the best-performing binder system based on
the superior performance of its mix compositions with respect to the set criteria (low
pH, increased levels of heat of hydration, and considerable thermal stability (weight
loss) after thermal exposure).

3 The thermal investigation (TG/DTG analysis) established that blend compositions
within the MG1 binder system developed the necessary cementitious endothermic
peaks (loose water, gypsum, brucite, magnesite, and calcite) and demonstrated satis-
factory thermal stability that will be beneficial when employed for practical applica-
tions (pavement subgrade) in regions with high temperature.

4 The reduction in the evolution of the first exothermic peak immediately after the com-
mencement of the initial hydration reaction of the various MgO:GGBS formulations
except MG4 blend systems shows their potential for the reduction of the production of
initial ettringite formation, cracking, false strength, and flash setting of the hydrated
blend system attributed to the first exothermic peak for in situ applications (mortar,
concrete, soil stabilization, etc.).

5  The MgO:GGBS blends resulted in reduced pH levels compared with the control
due to the reduced individual pH levels of the blend components (MgO and GGBS).
However, MG4 with high sulphate contents and some levels of Ca could not be used
in stabilising soils with sulphate contents due to the potential of forming the hydration
compound (ettringite), which upon further hydration could result in swelling of the
stabilised product.

Further experimental investigations are suggested for binder optimisation purposes,
which could further reduce the scope of the experimental regime, give more insight into
the chemical performance of the investigated material, and produce a rapid delivery of
cementitious binder optimisation results. However, the main limitation to this thermochem-
ical approach is largely due to human expertise at carrying out the various experimental
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tests and the surrounding temperature that could impact on the thermodynamics of the
hydration reaction in the isothermal calorimetric analysis.
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