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Abstract 
Physical and mechanical properties of ordinary Portland cement (OPC) blended with magnesium oxide 

(MgO) cement pastes (OPC/MgO) have been studied. Results showed that all physical and mechanical 

properties of OPC cement are improved and enhanced by the incorporation of the reactive MgO up to 

2.5 wt. % and tended to be stable at 3.0 wt. % because the water curing process significantly increased 

the reaction degree of the used MgO, but with any further increase of MgO content › 3.0 wt. %, 

negative results are obtained. It is good mention that though OPC/MgO cement needed high water 

requirements to achieve the best results, both total porosity and water absorption decreased at all curing 

conditions. This reflected positively on bulk density and mechanical strengths. MgO could be used as a 

useful and simple binder at normal conditions. The optimum amount of the added MgO is between 2.5-

3.0 wt. % at which acceptable porosity, bulk density, water absorption, and mechanical properties were 

achieved, but more than this ratio must be avoided due to its adverse effects. 
 

Keywords: Cement, MgO, hydration, porosity, density, strength 

 

1. Introduction 
Magnesia (MgO) is too rare in nature. So, it is often produced either by the calcination of 
natural magnesite (MgCO3) or from the deposits of dolomite, CaMg (CO3)2] or Mg (OH)2 
precipitated from seawater or generally magnesium-bearing brines [1-3]. Reactivity of MgO 
tends to decrease with the increase of calcination temperature. Magnesia has a number of 
categories, namely, light-burned or MgO (LB-MgO, 700-1000 °C), hard-burned MgO 
(HBMgO, 1000-1400 °C), dead-burned MgO (DB-MgO, 1400-2000 °C), and fused 
magnesia (F-MgO, >2800 °C) [4, 5]. All MgO types can be used as a main component to 
make MgO-based cements. Blends of LB-MgO powder with oxysalts, e.g. chlorides and 
sulfates or reactive silica have been widely studied to produce magnesium oxychloride 
cements, magnesium oxysulfate cement or magnesium silicate hydrate cements [6-8]. 
Magnesium phosphate cements (MPC) is made from DB-MgO and phosphoric acid [9, 10]. 
MgO plays an important role in a variety of cementitious material systems, e.g. alkali-
activated slag cement and Ca-bearing cements. HB-MgO is generally used as an expansive 
agent to compensate for the thermal shrinkage of mass concrete due to its rapid expansion in 
early stages [11, 12]. LB-MgO is also used to improve the carbonation resistance of alkali-
activated slag or calcium sulfoaluminate cement [13, 14]. MgO is often used as a vital 
component for diverse cementitious materials, and it has been tried as a binder alone. 
Reactive MgO cement (RMC) is considered to be a potential sustainable alternative to 
Portland cement, because it gains strength through hydration and carbonation, which allows 
for permanent sequestration of CO2 into its carbonation phases, thereby reducing CO2 
emissions from the life cycle [15, 16]. Strength source of RMC is the formation of hydrated 
magnesium carbonates with network structure and the reduction of porosity [17-20]. RMC is 
confined to pre-casting applications, e.g. masonry blocks, roof tiles, and bricks [21]. MgO 
binder would have greater potential value if cured under normal conditions rather than 
accelerated carbonation. There are a mortar for internal walls, a binder for refractory 
castables and repairing materials for historical buildings. But unfortunately, MgO alone has 
never been explicitly considered as a useful binder under ambient curing conditions. Air-
cured samples of pure pastes of MgO and water often give very limited strength [14, 21-24]. In 
ambient conditions, RMC with accelerated carbonization conditions, researchers have listed 
the compressive strength to be 5 MPa or little more [25-28]. Some slightly higher strength 
occurred in specimens with high reaction degree or high relative humidity. This can be 
explained by the reactive MgO has high water demand and the primary phase formed is 
brucite, Mg(OH)2, which is less effective at reducing porosity and providing binding ability 
[23, 29]. Compaction moulding and curing on 98% RH were used to reduce the porosity and 
increase the reaction degree. 
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This resulted in higher compressive strength of about 20 
MPa [30]. In spite of the relatively low strength of MgO-H2O 
system, MgO still exhibited some properties as a binder 
under ambient condition. In fact, the formation of hydration 
and carbonation products, microstructure and strength 
development of MgO systems are affected by several 
factors, e.g. reactivity of MgO, w/c-ratio, curing conditions, 
transport and concentration of CO2 [2, 31, 32]. Adjustment of 
curing process or optimization of w/c ratio has been 
reported to effectively enhance the mechanical and 
microstructural properties of MgO systems at elevated CO2 
concentration [31, 33].  
Because of the low rate and degree of MgO hydration under 
ambient conditions, large amounts of residual MgO may 
continue hydrate into Mg(OH)2, which could potentially 
bring about volume instability of MgO binder [11, 12, 34]. In 
this context, cementitious and hardening properties of MgO 
under ambient curing conditions were evaluated for 
construction application use. To illustrate the inherent 
cementing capacity of MgO, paste specimens were prepared 
with OPC/MgO. This work could provide a better 
understanding of the ability of MgO to harden and gain 
significant strength under typical exposure conditions. 

Physical and mechanical properties were studied. 

 

2. Materials and Methodology 
2.1 Raw Materials 

The used raw materials in this study are ordinary Portland 

cement (OPC) and magnesium oxide (MgO). The OPC 

sample (OPC Type I- CEM I 42.5 R) was delivered from 

Sakkara cement factory, Giza, Egypt, while MgO was 

supplied by El-Gomhoria Company for Chemicals, Ramsis 

Street, Cairo, Egypt. MgO was obtained by the calcination 

of magnesite (MgCO3) at 1400 ℃ for 5 hours. The surface 

area or fineness of OPC and MgO samples was 3500 and 

4050 cm2/g, respectively which was measured by Air 

Permeability Apparatus [35]. Chemical composition 

measured by X-ray fluorescence (XRF) of OPC and MgO is 

recorded in Table 1. Table 2 indicates the mineralogical 

composition of the OPC sample. The specific gravities of 

OPC and MgO as measured with a Le Chatelier flask were 

3.15 and 2.93 g/cm3, respectively. Table 2 shows the 

Mineralogical composition of OPC sample, while Table 3 

indicates the physical properties of the raw materials. 

 
Table 1: Chemical composition of the OPC and MgO samples, mass%. 

 

Oxides Materials SiO2 Al2O3 Fe2O3 CaO MgO MnO P2O5 Na2O K2O SO3 LOI 

OPC 20.12 5.25 1.29 63.13 1.53 0.03 0.02 0.61 0.29 237 2.64 

MgO 3.08 0.48 0.46 2.19 92.84 0.05 0.16 ----- 0.04 0.03 2.81 

 
Table 2: Mineralogical composition of the OPC sample, wt. %. 

 

Phase Material C3S β-C2S C3A C4AF 

OPC 47.94 29.27 5.82 11.68 

 
Table 3: Physical properties of the raw materials, wt. % 

 

Properties 

Materials 

Specific 

gravity 

Density, 

g/cm3 

Blaine surface 

area, cm2/g 

OPC 3.15 1445 3500 

MgO 2.79 1313 4050 

 

2.2 Sample preparation 

Cement pastes were prepared from OPC and MgO, which 

was added with various ratios as 0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 

3.0, 3.5 and 4.0 wt. % and are given the symbols M0, M1, 

M2, M3, M4, M5, M6, M7 and M8, respectively. 

To obtain a suitable paste, 1% polycarboxylate ether (PCE) 

superplasticizer was added into the mixing water. Deionized 

water was used to eliminate the effect of CO2 in water. After 

mixing, the pastes were cast into 2.5 × 2.5 × 2.5 cm3 for 

total porosity (TP), bulk density (BD), water absorption 

(WA) and compressive strength (CS), but 2.5 × 2.5 × 7 cm3 

stainless steel moulds for flexural strength (FS), 

respectively. 

The specimens were demoulded in the next day and soon 

subjected to natural water curing in the laboratory for 1, 3, 

7, 28 and 90 days. 

 

2.3 Methodology 

Water of consistency (WC) and setting times as initial 

setting time (IST) and final setting time (FST) of cement 

pastes were assessed by needles penetration resistance of 

Vicat Apparatus [36-38]. Water of consistency was measured 

from the following relation:- 

 

WC, % = A / C x 100  (1)  

Where, A is the amount of water taken to produce a suitable 

paste, C is the amount of cement (300 g). Physical 

properties as TP, BD and WA [39, 40] are determined from the 

following equations:- 

 

WA, % = (W1‒W2) / (W3) X 100  (2) 

 

BD, g/cm3 = (W1) / (W1‒W2) (3) 

 

 = (0.99 x We x BD) / (1+Wt) (4) 

 

Where, W1, W2, W3, , We and 0.99 are the saturated, 

suspended, dry weights, total porosity, free or evaporable 

water content and specific volume of free water, 

respectively. Mechanical properties in terms of flexural 

strength (FS) and compressive strength (CS) [41, 42] are also 

measured from the following equations:- 

 

FS = 3 (PL) / 2 (b) (d) / 10.2 Mpa  (5) 

 

CS =L (KN)/Sa (cm2) KN/m2 x 102 (Kg/cm2)/10.2 (MPa) 

(6) 

 

Where, L: load taken, Sa: surface area, P: bean or loading of 

rupture, b: width, d: thickness. The FS could be carried out 

using the three point adjustments system (Fig. 1). 

 

 
 

Fig 1: Schematic diagram of bending strength, B: Beam or loading 

of rupture, S: Span, W: Width and T: Thickness. 
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The loading was applied perpendicular to the direction of 

the upper surface of the cubes. Three samples were tested 

for each batch at all ages of hydration and the mean value 

was considered. The bound water content (Bn) of the 

hydrated samples pre-dried at 105 ºC for 24 hours was 

determined on the bases of ignition loss at 1000 ºC for 30 

minutes [36, 39, 43-45] from the equation: 

 

 Bn, % = W1-W2/W2 x100 (7)  

 

Where Bn, W1 and W2 are combined water content, weight 

of sample before and after ignition, respectively. 

  

3. Results and Discussion 

3.1 Water consistency and setting time 

Figure 2 shows water of consistency and setting times 

(initial and final) of OPC/MgO cement pastes with different 

ratios of MgO. Water of consistency of the blank is 28.65% 

which increased gradually with the increase of MgO 

content. This is mainly attributed to the fact that MgO likes 

water too much to be reactive, i.e. magnesia cement needs 

many amount of water to normally hydrate with cement [43]. 

Both initial and final setting times of the reference sample 

(M0) are 112 and 131 min., respectively, which were 

becoming gradually longer than those of M0 [46]. Results of 

setting time suggested that the used superplasticizer does 

not cause a strong water reduction. This may be due to the 

longer w/c ratio and low free water evaporation during 

setting [43, 47]. 

 

 
 

Fig 2: Water of consistency and setting times (initial and final) of the various cement batches incorporating different ratios of MgO. 

 

3.2 Bound water content 

Results of bound water content (BW) of cement pastes 

incorporated different ratios of MgO hydrated up to 90 days 

are illustrated in Fig. 3. As it is clear, the BW contents of 

the blank cement batch (M0) sharply increased as the curing 

times proceeded up to 90 days. This is principally 

contributed to the normal hydration process, where as the 

major cement phases were being in contact with water, it 

soon reacted with water to form hydration products [15, 18, 29, 

40]. The formed hydration products immediately deposited in 

the available open pore structure till seemed to be filled with 

it. Hence, the total porosity decreased and the bulk density 

improved and enhanced. The BW contents of other cement 

batches incorporating different ratios of MgO displayed the 

same trend as M0, where it also increased till 3.0 wt. % 

MgO (M1 and M6), and then decreased with the excess 

MgO content (M7 and M8). The increase of BW contents is 

mainly due to that nanograin size particles of MgO always 

reacted with water forming another hydration products as 

Mg (OH)2. This in turn precipitated inside the pore volume 

leading to its decrease. Moreover, the reactive MgO led to 

improve and increase the reactivity of cement phases. The 

decrease of BW contents is essentially contributed to the 

higher concentration of Mg (OH)2 which tended to reopen 

the pores [21, 43, 47]. As a result, the larger amounts of MgO 

are undesirable.  
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Fig 3: Bound water content of the various cement batches incorporating different ratios of MgO hydrated up to 90 days. 

 

3.3 Total porosity and Bulk density  

The total porosity (TP) and bulk density of cement pastes 

incorporated different ratios of MgO hydrated up to 90 days 

are illustrated in Fig. 4 and 5, respectively. Results showed 

that the TP slightly decreased as the MgO ratio increased in 

the specimens up to 2.5 wt. % MgO (M6), and then it 

remained relatively constant up to 3.0 wt. %. This 

essentially due to that the degree of the reaction of MgO 

with the various constituents of the cement increased with 

the curing time. Moreover, the decrease of the TP due to the 

increase of MgO ratio increased the compaction of the 

hardened cement paste samples, which decreased the TP. 

This in turn reflected positively on the bulk density, i.e. it 

improved and enhanced. Also, the dispersive effect of both 

MgO and the used admixture to the cement powder helped 

more in the hydration process [43-51]. Hence, the specimens 

showed a minimum TP and maximum BD, i.e. for M5 and 

M6 nearly recorded the lowest porosity after 90 days 

hydration (20.11 and 20.18%) and the highest density 

(2.2448 and 2.2451 g/cm3), which might be advantageous to 

the diffusion of CO2 in specimens and eventually led to 

effective strength improvements [52-54]. The further increase 

in MgO ratio (M7 and M8) created more open pores, and so 

lowered the bulk density due to the increase of TP. The 

increase of TP can be explained by the gradual evaporation 

of free water within samples during hardening [47, 51-53]. 

Although water curing promotes the hydration of MgO, the 

subsequent formation of more Mg (OH)2 and reduction of 

porosity, the formed Mg(OH)2 can be in effective contact 

with CO2 in air and so it promoted the strength 

development. Extra water provided by wet environments led 

to improve and enhance the reaction products that deposited 

and filled the available pore space. Therefore, the TP 

reduced, while the bulk density increased. The optimum 

cement batch is that contains 2.5-3.0 wt % MgO (M5 and/or 

M6) noticing that the higher amounts of MgO (M7 and M8) 

› 3.0 wt. % must be prevented. 

 

 
 

Fig 4: Total porosity of the various cement batches incorporating different ratios of MgO hydrated up to 90 days. 
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Fig 5: Bulk density of the various cement batches incorporating different ratios of MgO hydrated up to 90 days. 

 

3.4 Water absorption: Water absorption (WA) of 

OPC/MgO cement pastes with varying proportions of MgO 

hydrated up to 90 days is shown in Fig. 6. The WA of the 

control batch (M0) gradually decreased as the hydration 

ages progressed up to 90 days. This is attributed to the 

normal hydration process, where the major phases of the 

cement reacted with water forming hydration products. The 

formed hydration products soon filled the pore system of the 

hardened samples. This in turn decreased the total porosity 

and therefore the WA decreased little by little [15, 18, 28, 38]. 

The WA of the cement batches containing various ratios of 

MgO (M1-M6) also decreased with the curing times up to 

90 days, but only up to 3.0 wt. % (M6). With any further 

increase of MgO content (M7 and M8), the WA behaved 

adversely, i.e. the WA tended to increase. The decrease of 

WA is mainly contributed to the gradual decrease of 

porosity due to the presence of reactive MgO that reacted 

with water forming Mg (OH)2 and moreover the double 

dispersion effect of both MgO and the used admixture 

which promoted the hydration process where M6 recorded 

the minimum WA value [50, 51]. The WA is also related to 

surface porosity as well as structural pores [51]. On contrast, 

with any other addition of MgO (M7 and M8), the WA 

adversely affected, i.e. it suddenly increased [52, 53]. This may 

be due to the used higher w/c ratio [51-54]. So, it could be 

concluded that the optimum cement batch is M6 that is 

containing 3.0 wt. % MgO which achieved the higher values 

of BD and the lower values of TP and WA. 

 

 
 

Fig 6: Water absorption of the various cement batches incorporating different ratios of MgO hydrated up to 90 days. 

 

3.5 Compressive strength 

Figure 7 indicates the compressive strength (CS) of 

OPC/MgO cement pastes with varying proportions of MgO 

cured up to 90 days. Large strength gain was observed for 
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all samples during 28-90 days, i.e. the CS of OPC/MgO 

cement pastes (M0) increased with the increase of MgO 

content and curing time up to 90 days. This was continued 

up to 2.5-3.0% MgO (M5 and M6), but then was decreased 

with any further increase of MgO content (M7 and M8). The 

CS of the cement pastes M1-M6 achieved CS higher than 

those of the blank (M0) as in some previous studies [47, 56, 57]. 

Significant high difference in strength gain can be attributed 

to that the used MgO, which was burned at a temperature of 

1400 ℃, had a relatively higher reactivity [58-60]. Also, the 

quick and continuous hydration of MgO may be positive for 

the diffusion of atmospheric CO2 in the specimens. So, the 

rapid hydration of MgO and formation of Mg (OH)2 could 

be densificated the specimens. In addition, the hydration 

over time could induce a denser structure and higher 

strength of MgO based cementitious materials [59, 60]. Under 

water curing condition, quite acceptable CS after 90 days 

was obtained for M6 that exhibited the highest CS (60.81 

MPa). On the other side however, lowest CS could be 

obtained with M8 (56.87 MPa). This may be attributed to 

the high rate of water retention of cement specimens, that 

limited the carbonation of Mg (OH)2 before demoulding. 

Thus, a slight downward strength development trend was 

observed. The continuous formation of Mg (OH)2 occurred 

in samples had led to the formation of micro-cracks and a 

subsequent reduction in compressive strength [35]. This 

demonstrated that the porosity re-increased further under 

water curing, and then hindered the CO2 diffusion in the 

cores of specimens. The nanofine particles could be reduced 

the volume of porous hardened pastes, whereas the less fine 

particles can absorb and store a certain amount of water, 

which promotes the hydration of MgO after setting, and 

provides more channels for the diffusion of CO2 within 

specimens. Therefore, the use of magnesia as a binder may 

be a better way for cement pastes. However, the strength 

development of OPC/MgO pastes is too high under water 

curing conditions. This could be explained as MgO low 

reaction degree and insufficient products to bind large 

particles [61-63]. The optimum cement batch is that contains 

2.5-3.0 wt % MgO (M5 and/or M6) noticing that the higher 

amounts of MgO › 3.0 wt. % (M7 and M8) must be is 

avoided. 

 

 
 

Fig 7: Compressive strength of the various cement batches incorporating different ratios of MgO hydrated up to 90 days. 
 

3.6 Flexual strength 

Flexural strength (FS) of OPC/MgO cement pastes with 

varying ratios of MgO cured up to 90 days is shown in Fig. 

8. The FS values improved and enhanced with curing times 

up to 90 days according to the normal hydration process [39, 

64]. On the other hand, the FS also increased with MgO 

content. This continued up till 2.5 wt. % MgO (M5) at 

which it remained stable at 3.0 wt. % MgO (M6). But then, 

the FS values were gradually declined and adversely 

affected with any further increase in MgO content (M7 and 

M8). The increase of FS is mainly due to that the MgO 

highly reacted with water to form additional hydration 

products as Mg (OH)2, i.e. the degree of reactivity of MgO 

increased with curing times [65, 66], which soon deposited in 

the internal still open pores. This in turn increased its 

densification, i.e. form dense structure. So, the total porosity 

decreased. This would be reflected positively on the bulk 

density and thereafter on the FS. Moreover, the non-

hydrated nano-grain size particles of MgO could be filled 

the open pores. Therefore, the total porosity decreased more, 

and so all these improvements could be reflected positively 

on the FS [58-60]. The decrease of FS is only contributed to 

the larger formation of Mg (OH)2 which led to create 

internal minor cracks which weakened the hardened cement 

pastes that reflected negatively on the FS [35, 59-62]. Also, this 

may be attributed to the high rate of water retention of 

samples, that limited the carbonation of Mg(OH)2 before 

demoulding [66, 67]. It is postulated that the continuous 

formation of Mg(OH)2 occurred in the samples without 

sufficient w/c ratio, resulted in the formation of microcracks 

and a subsequent reduction in flexural and compressive 

strengths [68]. Hence, the optimum cement batch is that 

contains 2.5-3.0 wt % MgO (M5 and/or M6) noticing that 

the higher amounts of MgO › 3.0 wt. % is undesired (M7 

and M8). 
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Fig 8: Flexural strength of the various cement batches incorporating different ratios of MgO hydrated up to 90 days. 

 

4. General Discussion 

It is clear that the initial hydration reaction among MgO and 

H2O where MgO particles are completely wrapped by water, 

i.e. MgO can directly hydrate to form Mg (OH)2 as follows: 

 

MgO + H2O→Mg(OH)2  (8) 

 

The degree of reactivity of MgO improved and enhanced 

with curing times. The low solubility of MgO and the 

precipitation of Mg (OH)2 surrounded the MgO particles 

would inhibit its further hydration [69, 70]. A combination of 

MgO and Mg (OH)2 is thus maintained in the solid phases. 

MgO and/ or Mg (OH)2 can potentially form a wide range of 

MgCO3 and hydroxyl-carbonates [66, 71, 72]. These products 

can be formed spontaneously under natural conditions. 

Although both MgO and Mg (OH)2 can be carbonated, the 

growth rate of these is strongly controlled by kinetics. Also, 

the formation of MgCO3 is inhibited by the high hydration 

energy of Mg2+ [67], and the carbonation products are usually 

hydrated magnesium carbonates (MgO/MgCO3/H2O) or 

(MCH) instead of MgCO3 alone. Furthermore, the 

carbonation of MgO to form MCH is evidently affected by 

temperature, relative humidity (RH), partial pressure of CO2 

and reactivity of MgO [65, 67, 68]. Brucite, Mg (OH)2 is the 

main crystalline reaction product, along with residual 

periclase (MgO) observed in all samples, indicating that 

MgO can hydrate to form Mg (OH)2. This is due to the 

higher reaction degree of MgO because of both its higher 

reactivity and greater w/c ratio [73-75]. 

 

5. Conclusion 

The incorporation of reactive magnesia (MgO) into a 

cementitious material initiated and promoted its physical 

and mechanical properties. Though the OPC/MgO cement 

needed more water requirements, the added water-reducing 

admixture lowered it to some extent. MgO increased the 

water of consistency and setting times. The addition of the 

very fine or nanoMgO to cement increased its compaction 

due to the deposition of the formed hydration products into 

the pore structure. This in turn decreased the total porosity, 

and hence increased the bulk density. The optimum MgO 

content at which the physical and mechanical properties are 

being the best is between 2.5--3.0 wt. %. The larger quantity 

› 3.0 wt. % must be eliminated. After 90 days, the optimum 

batch achieved TP, BD, WA, FS and CS as 17.74%, 2.2507 

g/cm3, 19,71%, 36.18 MPa and 63.08 MPa, respectively. 

The hydrated MgO fills the voids of the hardened samples 

and improves the early-age strength. The non-hydrated 

MgO also precipitated into the empty voids. At all, the 

optimum batch exhibited the higher values of bulk density, 

flexural and compressive strengths at all curing times, while 

recorded the lower values of total porosity and water 

absorption. All results of M6 is nearly constant as M5, i.e. it 

exhibited nearly the same values. So, the used reactive MgO 

could be used as a useful binder in the cementing materials. 

It is good mention that though the values of M7 and M8 

decreased at all curing times than those of other batches, it 

still higher than those of the blank (M0). 
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