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Abstract—Magnesium-based binders have shown several potential
benefits, such as improved strength and durability, better fire
resistance, and a lower carbon footprint compared to traditional
cement binders. Generally, high-water demand and low hydration of
MgO retards strength of MgO based cement blend. In this study, the
effect of hydration agent (Nitric acid) on compressive strength and
water absorption of mortar cubes prepared with Portland cement,
Magnesium oxide and Fly ash (PC-MgO-FA) have been investigated.
Partial replacement of cement with reactive magnesium oxide with
incorporation of hydration agent has a positive effect on compressive
strength and water absorption. It resulted in increased compressive
strength and reduction in water absorption as compared to the
compressive strength and water absorption of mortar prepared
without hydration agent. The result indicated that the Mix (PC-50%,
MgO-30%, FA-20%) with 1M concentration of hydration agent
showed 36 MPa at 28 days and water absorption of 2.5%.XRD
analysis showed that the formation of hydrated Calcium silicate,
Calcium alumino silicate hydrate, Magnesium hydroxide, Magnesium
silicate hydrate and Hydrotalcite increased as compared to mortar
without hydration agent resulting in increased compressive strength.

INTRODUCTION

Energy conservation completely depends on population
growth and available natural energy sources. In last four
decades, the global energy consumption has increased by
about 92%][1]. Almost 33% of the entire energy consumed,
buildings and construction share 30% of greenhouse gas
emissions in most of the countries [2,3]. Manufacturing of
cement for construction is responsible for almost 6 billion tons
of global CO; emissions in 2018[4].

Magnesium oxide has been used as a binder in concrete [5].
Magnesium-based binders have been shown to have lower
carbon footprint with several potential benefits such as
improved strength and durability, better heat resistance
compared to conventional cement binders [6]. Raw
magnesium oxide has been extracted from magnesite [7].

Reactive Magnesia (MgO) based cementitious binders have
earnt importance due to their capacity to replace Portland
cement in some sort of applications. [8]. The reactive

magnesium oxide shows an extra advantage that it is produced
at relatively lower calcination temperatures as compare the
conventional cement (i.e., 700-900°C vs. 1450°C) [9] and it
can sequester carbon dioxide (CO2) to improve its strength in
the form of stable and dense products [10,7]. Though MgO
has low solubility, when MgO is used as the only binding
material then its hydration results into formation of brucite,
that contributes to some extent in gaining of strength [11,12].

Reactivity of magnesium oxide and specific surface area
varies with calcination temperature [13]. The composition of
Reactive MgO can vary depending on the specific
manufacturing process and raw materials used. It typically
contains around 90-95% magnesium oxide, with the remaining
5-10% being made up of impurities such as calcium oxide and
silicon dioxide [14]. Reactive MgO has many industrial uses,
including in cement manufacturing, as a source of magnesium
in fertilizers, and as a component in refractory materials [6].

Hydration reaction of MgO, which forms brucite in eq. 1, is as
listed [15],

MgO+H,0—Mg?*+ 20H™ — Mg(OH), Q)

The product of above-mentioned reaction has more volume
than its reactants, therefore this hydration reaction of MgO
creates volume change, which, if rigorously studied and
controlled, may compensate the shrinkage of composites made
of cementitious material [16,17]. The hydration of MgO seems
to be quite similar to that of conventional cement, along with
the formation of brucite, pozzolanic reactions may form
magnesium silicate hydrates (M-S-H) gel [18]. M-S-H gel is
capable of exhibiting significant growth in strength [19], when
there is presence of amorphous silica-containing chemical
admixtures and additive additions, such as fly ash [20,21] or
silica fume [22]. Nuclear waste encapsulation can be targeted
using a blend of M-S-H based cement binder [15] and
castables of refractory industries also have direct application
of the same blend [23].
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The hydration mechanism of MgO is slow, using hydration
agent with varying concentration might accelerate the
hydration. Hydrating mechanism depends on pH of solution
and also plays a key role in product formation [24,25].
Hydration of MgO is a two-step process which start with
dissolution (eq. 2 -4) followed by precipitation process
[25,26].

MgO(s)+ HNOs(aq) — Mg (NOs)2(aq)+OH (aq) O]

Magnesium complexes dissociation and magnesium hydroxide
precipitation due to supersaturation
Mg(NOs)z(aq)—NOs"(aq) + Mg**(aq) ®)

Mg?*(aq) + 20H (aq)— Mg(OH)z(s) (4)

The complex ions of magnesium-nitrate promote enabling of
brucite precipitation within the solution [27].

2. MATERIAL AND METHODOLOGY

2.1 Material and mix preparation

The mortar consists of OPC-43 with measured normal
consistency of 29.5%, commercially available MgO and
industrial waste class F Fly ash. Nitric acid was used as
hydration agent to accelerate hydration of MgO. The molar
concentration of nitric acid varies and test were performed.
MgO reactivity was evaluated with acetic acid test. It was
reported by the time measured for complete neutralization of
an acidic solution. Shorter time of neutralization of MgO
reflect its higher reactivity [16]. The recorded neutralization
time of MgO was 218 secs and can be labelled as reactive
MgO.

The OPC was kept constant to 50%, the quantity of MgO and
class F fly ash 20-30 % individually as listed below in Table-
1. Mortar cubes of size 50x50x50 mm, keeping binder to sand
ratio of 1:3 was casted with w/b=0.42(using normal
consistency) for the determination of water absorption and
compressive strength.

Table-1: Mix Designation and proportions

. PC | MgO | FA HA
Group Mixes | W/B (%) (090) (%) | (Conc)

Control Mix CM 100 —
G-1-1 50 30 20 oM

G1 G-1-2 50 25 25 oM
G-1-3 50 20 30 oM

G-2-1 0.42 50 30 20 0.5M

G2 G-2-2 50 25 25 0.5M

G-2-3 50 20 30 0.5M

G-3-1 50 30 20 1.0M

G3 G-3-2 50 25 25 1.0M

G-3-3 50 20 30 1.0M

2.2 Compressive strength
The compressive strength test was conducted by taking mean
of 3 samples as per 1S:4031(Part-6) [28]. The compressive

strength (CS) test was performed after 7 days,14 days and 28
days.

2.3 Water absorption

The water absorption of mortar cube was done. The initial
mass of the samples was noted and then samples were
immersed in the water tank for 24 hours.

3. Result and discussion

3.1 Compressive strength

Mortar samples from Group-G1 have very less compressive
strength as compared to Group-G2 and group-G3. The M-S-H
formation in this group is very minute due absence of
accelerating hydration agent (HNO3) which is evident from
Figure-1. Without hydration agent the unreacted MgO was
there causing less formation of brucite and hence more porous
structure that also can be seen in water absorption. On
inclusion of hydration agent, the hydration process gets
accelerated and the brucite is formed, which subsequently
reacts to form M-S-H phases. Compressive strength of sample
varies directly with concentration of hydration agent as it can
be seen for 1M concentration the compressive strength for G-
3-1 (Mg0:30%, FA:20%) has a relatively high compressive
strength (36 MPa) after 28 days as shown in Figure-3. No
significant M-S-H peaks were seen in Figure-2(a) showing
data of group-1 without hydration agent. Figure-2(a) also
depicts significant peaks of MgO which imply the reason of
reduction of compressive strength. Increased molar
concentration of hydration agent forms Brucite at early stage
of hydration which lead to the formation of M-S-H as shown
in Figure-2(b) and 2(c). The M-S-H peaks were found around
at 33°-40°and 58°-60°[29].M-S-H and other phases formation
results into a relatively good Compressive strength and less
water absorption. Samples containing hydration agent showed
high rate of strength gain than the sample without hydration
agent. Although the reported compressive strength of G-3-1 at
28 days was 18% lesser than the control mix, however the PC
content was cut down to 50% and hence seems to be more
sustainable solution.

87 days @14 days @28 days
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Figure 1: Compressive strength of mixes
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Figure 2(a): G-1-1 mix XRD graph
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Figure 2(b): G-2-1 mix XRD graph
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Figure 2(c): G-3-1 mix XRD graph

B= Brucite; Q= Quartz; HT= Hydrotalcite; M=
Mullite; N= Nesquehonite

3.2 Water absorption

Water absorption depends on the available pores in the matrix.
The reported water absorption of control mix (CM) was 6.8%
while the group-2 and group-3 showed a significant reduction
of 20% and 50% respectively (Figure-3). For 1M
Concentration of hydration agent the water absorption of
2.6%. was recorded. XRD results as shown in Figure-2(b) and
2(c) also confirms the phenomena of reduction in water
absorption in the blended samples. As the proportion of M-S-
H, Brucite, Hydrotalcite, C-S-H, C-A-S-H increases, it
resulted into reduction of water absorption. Samples from
group-1 without hydration agent have maximum water
absorption as shown in Figure-3. Unreacted MgO in group-1
causes higher water demand and have poor water absorption
as reported in Figure-2(a).
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Figure 3: Comparative water absorptions of mixes

4. CONCLUSION
On the basis of observations and discussion, the following
conclusion can be derived.

1. The compressive strength of all samples containing MgO
and FA were lesser than the control mix, however Group-
2 and Group-3 Mixes were found to have significantly
less water absorption as compared to control mix
indicating better durability.

2. Slow hydration of MgO due to absence of hydration agent
in Group-1 mortar series resulted in less compressive
strength and increased water absorption as compared to
the other mixes with hydration agent.

3. Mix G-3-1 showed the maximum compressive strength of
36 MPa and least water absorption of 2.5% when
compared to the other mixes containing MgO and fly ash.

4. The compressive strength increased and water absorption
decreased as the concentration of hydration agent
increased.

5. ACKNOWLEDGMENT
Financial support from IIT Jammu is greatly acknowledged.
The authors are also thankful for the support provided by the

Journal of Basic and Applied Engineering Research
p-1SSN: 2350-0077; e-ISSN: 2350-0255; VVolume 10, Issue 1; January-March, 2023



32

Lalit Singh and Anurag Misra

Centre for Strategic Sustainable Infrastructure (CSSI) and
Saptarishi-Multidisciplinary Research Center.

REFERENCES

[1] R. Parameshwaran, S. Kalaiselvam, S. Harikrishnan, and A.
Elayaperumal, “Sustainable thermal energy storage technologies
for buildings: A review,” Renew. Sustain. Energy Rev., vol. 16,
no. 5, pp. 23942433, 2012, doi: 10.1016/j.rser.2012.01.058.

[2] A. Martinez-molina, I. Tort-ausina, S. Cho, and J. Vivancos,
“Energy efficiency and thermal comfort in historic buildings: A
review,” vol. 61, pp. 70-85, 2016, doi:
10.1016/j.rser.2016.03.018.

[3] D. Zhang, Z. Li, J. Zhou, and K. Wu, “Development of thermal
energy storage concrete,” Cem. Concr. Res., vol. 34, no. 6, pp.
927-934, 2004, doi: 10.1016/j.cemconres.2003.10.022.

[4] J. A. Forero, M. Bravo, J. Pacheco, J. de Brito, and L.
Evangelista, “Thermal Performance of Concrete with Reactive
Magnesium Oxide as an Alternative Binder,” Sustain., vol. 14,
no. 10, pp. 1-12, 2022, doi: 10.3390/s5u14105885.

[5] J. Qin et al., “Development and characterization of magnesium
phosphate cement based ultra-high-performance concrete,”
Compos. Part B Eng., vol. 234, no. 174, p. 109694, 2022, doi:
10.1016/j.compositesh.2022.109694.

[6] T. M. Souza, A. P. Luz, M. A. L. Braulio, C. Pagliosa, and V. C.
Pandolfelli, “Acetic acid role on magnesia hydration for cement-
free refractory castables,” J. Am. Ceram. Soc., vol. 97, no. 4, pp.
1233-1241, 2014, doi: 10.1111/jace.12873.

[7] N. T. Dung and C. Unluer, “Advances in the hydration of reactive
MgO cement blends incorporating different magnesium
carbonates,” Constr. Build. Mater., vol. 294, p. 123573, 2021,
doi: 10.1016/j.conbuildmat.2021.123573.

[8] S. A. Walling and J. L. Provis, “Magnesia-Based Cements: A
Journey of 150 Years, and Cements for the Future?,” Chem. Rev.,
vol. 116, no. 7, pp. 4170-4204, 2016, doi:
10.1021/acs.chemrev.5b00463.

[9] F. Jin and A. Al-Tabbaa, “Characterisation of different
commercial reactive magnesia,” Adv. Cem. Res., vol. 26, no. 2,
pp. 101-113, 2014, doi: 10.1680/adcr.13.00004.

[10] Z. Li et al., “Characterization of reaction products and reaction
process of MgO-SiO 2-H20 system at room temperature,”
Constr. Build. Mater., vol. 61, pp. 252-259, 2014, doi:
10.1016/j.conbuildmat.2014.03.004.

[11] N. T. Dung and C. Unluer, “Sequestration of CO 2 in reactive
MgO cement-based mixes with enhanced hydration
mechanisms,” Constr. Build. Mater., vol. 143, pp. 71-82, 2017,
doi: 10.1016/j.conbuildmat.2017.03.038.

[12] T. Gongalves, R. V. Silva, J. De Brito, J. M. Fernandez, and A.
R. Esquinas, “Hydration of reactive MgO as partial cement
replacement and its influence on the macroperformance of
cementitious mortars,” Adv. Mater. Sci. Eng., vol. 2019, 2019,
doi: 10.1155/2019/9271507.

[13] C. A. Strydom, E. M. Van Der Merwe, and M. E. Aphane, “The
effect of calcining conditions on the rehydration of dead burnt
magnesium oxide using magnesium acetate as a hydration agent,”
J. Therm. Anal. Calorim., vol. 80, no. 3, pp. 659-662, 2005, doi:
10.1007/s10973-005-0710-x.

[14] J. Zhu, N. Ye, J. Liu, and J. Yang, “Evaluation on hydration
reactivity of reactive magnesium oxide prepared by calcining
magnesite at lower temperatures,” Ind. Eng. Chem. Res., vol. 52,
no. 19, pp. 6430-6437, 2013, doi: 10.1021/ie303361u.

[15] T. Zhang, C. R. Cheeseman, and L. J. Vandeperre,
“Development of low pH cement systems forming magnesium

silicate hydrate (M-S-H),” Cem. Concr. Res., vol. 41, no. 4, pp.
439-442, 2011, doi: 10.1016/j.cemconres.2011.01.016.

[16] L. Mo, M. Deng, and M. Tang, “Effects of calcination condition
on expansion property of MgO-type expansive agent used in
cement-based materials,” Cem. Concr. Res., vol. 40, no. 3, pp.
437-446, 2010, doi: 10.1016/j.cemconres.2009.09.025.

[17] X. Lu, F. Geng, H. Zhang, and X. Chen, “Influence of MgO-type
expansive agent hydration behaviors on expansive properties of
concrete,” J. Wuhan Univ. Technol. Mater. Sci. Ed., vol. 26, no.
2, pp. 344-346, 2011, doi: 10.1007/s11595-011-0227-z.

[18] D. R. M. Brew and F. P. Glasser, “Synthesis and characterisation
of magnesium silicate hydrate gels,” Cem. Concr. Res., vol. 35,
no. 1, pp. 85-98, 2005, doi: 10.1016/j.cemconres.2004.06.022.

[19] T. Zhang, L. J. Vandeperre, and C. R. Cheeseman, “Formation
of magnesium silicate hydrate (M-S-H) cement pastes using
sodium hexametaphosphate,” Cem. Concr. Res., vol. 65, pp. 8-
14, 2014, doi: 10.1016/j.cemconres.2014.07.001.

[20] S. W. Choi, B. S. Jang, J. H. Kim, and K. M. Lee, “Durability
characteristics of fly ash concrete containing lightly-burnt MgO,”
Constr. Build. Mater., vol. 58, pp. 77-84, 2014, doi:
10.1016/j.conbuildmat.2014.01.080.

[21] F. Jin and A. Al-Tabbaa, “Evaluation of novel reactive MgO
activated slag binder for the immobilisation of lead and zinc,”
Chemosphere, vol. 117, no. 1, pp. 285-294, 2014, doi:
10.1016/j.chemosphere.2014.07.027.

[22] C. Sonat, W. W. Teo, and C. Unluer, “Performance and
microstructure  of MgO-SiO2 concrete under different
environments,” Constr. Build. Mater., vol. 184, pp. 549-564,
2018, doi: 10.1016/j.conbuildmat.2018.07.032.

[23] J. Szczerb, R. Prorok, E. Sniezek, D. Madej, and K. Méslona,
“Influence of time and temperature on ageing and phases
synthesis in the MgO-SiO2-H20 system,” Thermochim. Acta,
vol. 567, pp. 57-64, 2013, doi: 10.1016/j.tca.2013.01.018.

[24] E. M. Van Der Merwe, C. A. Strydom, and A. E. Botha,
“Hydration of medium reactive industrial magnesium oxide with
magnesium acetate Thermogravimetric study,” no. May 2014,
2004, doi: 10.1023/B.

[25] K. P. Matabola, E. M. Van Der Merwe, C. A. Strydom, and F. J.
W. Labuschagne, “The influence of hydration agents on the
hydration of industrial magnesium oxide,” J. Chem. Technol.
Biotechnol., vol. 85, no. 12, pp. 1569-1574, 2010, doi:
10.1002/jctb.2467.

[26] S. D. F. Rocha, M. B. Mansur, and V. S. T. Ciminella, “Kinetics
and mechanistic analysis of caustic magnesia hydration,” J.
Chem. Technol. Biotechnol., vol. 79, no. 8, pp. 816-821, 2004,
doi: 10.1002/jctb.1038.

[27] D. Filippou and N. Katiforis, “On the kinetics of magnesia
hydration in magnesium acetate solutions,” vol. 328, no.
December 1998, pp. 322-328, 1999.

[28]IS: 4031 (Part 6), “Determination of Compressive Strength of
Hydraulic Cement Other Than Masonry Cement,” Bur. Indian
Stand. Delhi, pp. 1-11, 2006, [Online]. Available:
https://ia800400.us.archive.org/0/items/gov.in.is.4031.6.1988/is.4
031.6.1988.pdf

[29]S.Kumar, C. Sonat, E. H. Yang, and C. Unluer, “Performance of
reactive magnesia cement formulations containing fly ash and
ground granulated blast-furnace slag,” Constr. Build. Mater., vol.
232, p. 117275, 2020, doi: 10.1016/j.conbuildmat.2019.117275.

Journal of Basic and Applied Engineering Research
p-1SSN: 2350-0077; e-ISSN: 2350-0255; VVolume 10, Issue 1; January-March, 2023



