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Abstract: 

 

 

The use of reactive magnesia (MgO) as the binder in porous blocks demonstrated significant 

advantages due to its low production temperatures and ability to carbonate, leading to significant 

strengths. This paper investigates the enhancement of the carbonation process through different 

curing conditions: water to cement ratio (0.6-0.9), CO2 concentration (5-20%), curing duration (1-7 

days), relative humidity (55-98%), and wet/dry cycling frequency (every 0-3 days), improving the 

carbonation potential through increased amounts of CO2 absorbed and enhanced mechanical 

performance. UCS results were supported with SEM, XRD, and HCl acid digestion analyses. The 

results show that CO2 concentrations as low as 5% can produce the required strengths after only 1 

day. Drier mixes perform better in shorter curing durations, whereas larger w/c ratios are needed for 

continuous carbonation. Mixes subjected to 78% RH outperformed all the others, also highlighting the 

benefits of incorporating wet/dry cycling to induce carbonation. 
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1. Introduction 

 

 

Amongst all the greenhouse gases that cause anthropogenic climate change, carbon dioxide (CO2), 

whose atmospheric concentrations have been rising over 30% when compared to the pre-industrial 

levels [1-4], makes the largest contribution from human activities. Out of the various methods 

proposed for cutting down the amount of CO2 produced, mineral sequestration, where CO2 is 

chemically stored in the form of solid carbonates by the carbonation of minerals, provides a 

permanent and safe solution since the formed carbonates are thermodynamically stable with a large 

sequestration capacity available worldwide. Two of the most common alkaline earth metals in nature, 

calcium and magnesium [5], are generally used for mineral CO2 sequestration purposes due to their 

worldwide availability and relatively high purities. The solid material produced as a result of CO2 

sequestration can be utilized in a wide range of building materials [6, 7].  

 

 

As the primary material in the construction industry, Portland cement (PC) presents a major potential 

in reducing the anthropogenic emissions of greenhouse gases due to its high global production of 

over 3 billion tonnes per year [8], causing the emission of almost the same amount of CO2, which 

represents 5-10% of global anthropogenic CO2 emissions [9-11]. Alternative cement formulations with 

lower energy consumption and carbon footprints are currently being developed as a part of the 

sustainability initiatives aimed at reducing the environmental impacts of the construction industry. An 

example of these novel cement formulations is MgO cements, whose use in porous blocks facilitates 

safe and permanent storage of CO2. 

 

 

Produced at ~700-1000˚C, reactive MgO hydrates at a similar rate to PC, thereby eliminating the 

expansion problems observed in the case of dead-burned MgO [12]. The sustainability advantages of 

MgO include its: (i) ability to carbonate and gain strength accordingly, (ii) considerable durability 

enhancement due to the higher resistance of the hydration and carbonation products in aggressive 

environments, (iii) lower sensitivity to impurities enabling the utilization of large quantities of waste 



and industrial by-products [7, 13], and (iv) potential to be fully recycled where MgO is used alone as 

the binder as its carbonation process produces magnesium carbonates, which are the predominant 

source for the production of magnesia. Alternatively, certain limitations exist regarding the 

manufacture and implementation of MgO cements in the construction sector. These include the 

unfamiliarity, insufficient documentation and low record of reliability of MgO as opposed to the high 

validation and market confidence of PC; and the relatively low availability of the raw materials and 

proximity to existing production facilities, a majority of which is located in China, leading to increased 

environmental impacts. Table 1 provides a comparison of energy, raw material and CO2 emissions of 

MgO and PC production, indicating the high carbonation potential of MgO (i.e. ratio of the mass of 

carbonated MgO to the mass of initially included MgO within a certain mix), which has been realized 

up to 100% in previous work [14]. 

 

 

Table 1 

Sustainability factors of MgO and PC [15] 

 

 

Sustainability Factors Magnesia [16] PC [17] 

Total energy requirement (MJ/t) 2415 1760 

Raw material required (t/t) 2.08 1.5 

Carbon dioxide emissions (t/t) 1.4 0.85 

Desirable carbonation rate 100% none 

Final emissions after carbonation (t/t) 0.22 0.37 

 

 

The fundamental properties of reactive MgO and its use in cement formulations has been investiaged 

in previous research, where the hydration behaviour [12, 18-20], microstructure [19], and carbonation 

performance [15, 21-24] were studied. The use of MgO alone was observed to have special 

advantages in terms of mechanical and durability performance and carbonation potential over the PC-

MgO blends, depending on the application [15, 22, 25, 26], leading to sucessful commercial scale-up 

trials [23, 24]. This work showed that porous blocks containing 10% MgO for their cement component 



achieved compressive strengths more than twice of the corresponding PC blocks under elevated CO2 

curing, where the strength development was directly related to the degree of carbonation.  

 

 

In the case of unreinforced porous block applications where reactive MgO is used as the cement 

component, MgO hydrates to form brucite (Mg(OH)2, magnesium hydroxide), which reacts with CO2 

and additional water to form a range of strength providing hydrated magnesium carbonates (HMCs) 

when subjected to the right curing conditions, as shown by Equations 1-4. The rate and degree of 

carbonation, the formation of HMCs, and the associated strength development depend on several 

contributing factors including composition and characteristics of MgO, block mix design, use of 

additives and admixtures, particle size distribution of the aggregates, particle packing, and porosity of 

the hardened concrete as well as curing conditions (namely relative humidity (RH), temperature, 

transport and partial pressure of CO2) [13, 27-30]. Only a small number of these variables have been 

considered in previous work [12-22], which introduced the direct influence of the w/c ratio, RH and 

CO2 concentration on the carbonation process of MgO cement porous blocks.  

 

 

MgO + H2O  Mg(OH)2   (brucite)          (1) 

 

Mg(OH)2 + CO2 + 2H2O  MgCO3∙3H2O   (nesquehonite)       (2) 

 

5Mg(OH)2 + 4CO2  4MgCO3·Mg(OH)2·4H2O   (hydromagnesite)      (3) 

 

5Mg(OH)2 + 4CO2 + H2O  4MgCO3·Mg(OH)2·5H2O   (dypingite)        (4) 

 

 

Water to cement (w/c) ratio plays an important role in the permeability of mixes and the diffusion of 

CO2 through porous blocks. Gaseous CO2 readily dissolves into the pore water of concrete, turning 

into a carbonic acid solution, which neutralizes alkalis in the pore water, mainly consuming 

magnesium hydroxide. Carbonic ions dissociate from the carbonic acid solution, releasing protons, 



which then react with magnesium ions to form a range of HMCs. During this process, water not only 

blocks pores and therefore hinders CO2 diffusion, it also provides a medium for carbonation to take 

place, explaining the increase in carbonation depth as the RH or the amount of water in the pore 

structure increases [31]. The reduced permeability coefficient and lower diffusion rate in the case of 

lower water contents was studied by Powers et al. [32]. Alternatively, Cook and Hover [33] showed 

that an increase in the water content results in an increase in porosity which decreases as hydration 

proceeds, since the initial water is progressively used to form the hydration products.  

 

 

The effect of the w/c ratio on the carbonation of MgO cements was also studied through varying 

saturation degrees between 2-98%, where modifications in the initial saturation levels (i.e. volume of 

water/volume of voids) of MgO-based masonry units led to different strengths [22]. Results indicate 

the increased rate of strength gained by the lower initial saturation levels, with a decline in strengths 

in the long term due to the absence of sufficient water for continuous carbonation. Samples initially 

subjected to 98% saturation and then let to dry to some extend resulted in higher strengths than those 

that had the same initial saturation level but were under a constant supply of water the entire time and 

hence maintained the imposed RH, showing that excessively high and low saturation levels inhibit the 

carbonation reactions. Also influenced by the variations in the surrounding atmosphere that result in 

the loss or gain of water within the mixes, low RHs delay the carbonation reactions, whereas an 

increase in RH results in a decrease of air-filled pores available for diffusion. This also affects the 

carbonation process since diffusion of CO2 is much slower in water than it is in air, with a diffusion 

coefficient of 1390 x 10
-8

 m
2
/s in air, whereas this value is 10

4
-10

5
 less in water [34, 35]. Since 

carbonation is retarded when the material is saturated with water, it is important to optimize the w/c 

ratio corresponding to maximum adsorption on the surface of the pores before capillary condensation, 

in order to achieve a maximum level of carbonation. The optimum range of RH for the highest rate of 

carbonation is reported to range between 40-80% [34, 36], depending on the mixture composition. 

Another study has shown that a significant increase in carbonation depth was observed when the RH 

was increased from 84% to 92% [37]. 

 

 



Another factor influencing the progress of carbonation is CO2 concentration. An increase in the 

concentration of CO2 increases the rate of carbonation, especially at high w/c ratios [34]. Vandeperre 

and Al-Tabbaa (2007) [38] reported an increase in stiffness with increasing CO2 concentration from 

5% to 20%, whereas both set of samples ultimately reached similar toughness values. Mixes 

subjected to lower RHs showed a lower rate of increase in stiffness in time and gradually stopped 

increasing, whereas an increase in RH led to continuous development of stiffness.  

 

 

Part of an extensive investigation into the effect of the variables mentioned above, the work presented 

in this paper concentrates on the impact of different curing conditions on the carbonation process and 

investigates the carbonation potential of MgO in porous blocks. Around 60 million m
2
 of blocks are 

produced per year in the UK [39], whereas in North America, the yearly production of blocks reached 

8 billion units by 2007 [40]. Some of the applications where blocks are widely used include 

construction of road side paveways, garage and parking floorings, driveways, walls, and floor 

coverings of commercial buildings. The basic requirements for cement-aggregate blocks, specified in 

BS EN 771-3:2003, are categorized as shape and dimensions (390-440mm (l) x 75-225mm (w) x 190-

215mm (h)), strength and density, and durability. The strength requirement for common commercially 

distributed masonry blocks is 7MPa [41, 42]. 

 

 

The carbonation reactions involved during mineral sequestration take place naturally, albeit very 

slowly under atmospheric conditions due to the low partial pressure of CO2 in the atmosphere [43]. 

Therefore this research aims to facilitate the absorption of CO2 emitted from the production of MgO by 

increasing the amount of CO2 stored within porous blocks, where MgO is the main binding material, 

through improved curing conditions. CO2 captured and recovered from flue gases emitted from power 

plants and engine exhausts can also be used during this process, eliminating any further damage to 

the environment. Since the concentration of CO2 obtained from these sources ranges between 3% 

(e.g. natural gas-fired turbines) and 13% (e.g. coal-fired boilers) [44, 45], this work aims to minimize 

the CO2 concentration needed to fit within this range, while satisfying the strength requirement for 

blocks, 7 MPa. The obtained results are presented in two main sections, studying the effects of: (i) 



water/cement ratio, CO2 concentration, and curing duration, and (ii) relative humidity and wet/dry 

cycling, on the carbonation of MgO cement porous blocks. Hence the objectives were to investigate: 

(i) The curing conditions that give rise to the maximum carbonation level and rate 

(ii) The ability of MgO-based blocks to carbonate in low CO2 concentration levels 

(iii) The effect of different w/c ratios in enhancing the degree of carbonation and strength 

(iv) The use of different methods in the quantification of degree of hydration and carbonation of blocks 

with different compositions  

 

 

2. Materials and methods 

 

 

The MgO-cement formulations used for this study included reactive MgO from Richard Baker 

Harrison, UK; natural aggregates (sharp sand and gravel) from Ridgeons, Cambridge, UK; and 

pulverized fuel ash (pfa) from Ratcliffe-on-Soar power station in Nottingham, UK as part of the 

aggregates. The main chemical compositions of the MgO and pfa as well as some physical properties 

are presented in Table 2. In terms of cement content, MgO was kept constant at 10% by mass of the 

dry mix. Within this study, pfa was used as a filler in the blocks and made up 0% (i.e. n-mixes) or 5% 

(i.e. p-mixes) of the dry material. Addition of pfa as a partial replacement for cement not only enables 

the use of smaller amounts of cement, but also provides a solution for recycling this industrial by-

product, therefore lowering the overall environmental impacts of the prepared mixes. Natural 

aggregates consisting of sharp sand (0-4mm, median particle diameter (D50)=0.7mm, coefficient of 

uniformity (CU)=3.6) at 50%, and gravel (2-10mm, D50=6.5mm, CU=1.75) at 35% contents were used 

together with the 5% pfa to form the 90% content aggregate mix, as in related previous work [46, 47]. 

 

 

Measured according to BS EN 196-3:1995 [48], the standard consistence (SC) of the MgO and pfa 

pastes were 0.60 and 0.39, respectively. The SC of MgO alone was much higher than that of PC at 

0.26 [25]. The dry components were initially mixed in a bench-scale food mixer, after which the 

previously determined amount water was added and the mixtures were placed in equal quantities in 



cylindrical moulds with 50mm diameter. Mixes inside the moulds were then pressed with a uniaxial 

press by applying a force of 5 kN. This produced samples 65-75mm high, which were then 

immediately de-moulded and placed in the relevant curing environments under a constant 

temperature of 20˚C. The effects of water/cement ratio (0.6-0.9), CO2 concentration (5-20%), curing 

period (1-7 days), RH (55-98%), and wet/dry cycling frequency (every 1-3 days) on the progress of 

carbonation were studied individually by investigating density, strength, microstructure and 

carbonation quantification results. Table 3 summarizes the different mix compositions used. Two 

different compositions were utilized for the entire set of experiments, where the main difference was 

the pfa content: (i) p-mixes: 10% MgO, 5% pfa, 85% aggregates, and (ii) n-mixes: 10% MgO, 90% 

aggregates (sand:gravel at a ratio of 10:7). All samples were cured in the same outside environment 

and incubator whose CO2 concentration and RH were adjusted accordingly to obtain the required 

curing conditions.  

 

 

Samples cured under each RH were subjected to four different wet/dry cycling frequencies: 0-day 

cycling (i.e. control mix, kept constant in the incubator under dry conditions at all times), 1-day cycling 

(i.e. samples subjected to dry conditions first for 24 hours and then moved into wet conditions for 

further 24 hours), 2-day cycling (i.e. moved every 48 hours) and 3-day cycling (i.e. moved every 72 

hours) until testing day. For dry curing, different salts listed in Table 4 were used to prepare 

supersaturated solutions, which were then placed in steel trays in the incubator two days before the 

start of the experiment to bring the RH down to the required level from the initial level ranging 

between 70-90%. The RH was continuously monitored and maintained at these required dry levels by 

renewing the salt solutions at certain frequencies. The wet environment was provided by placing the 

samples in a plastic container with a water level of ~2 cm. The plastic container was semi-closed to 

maintain high moisture levels with regular spraying.  

 

 

The performance of blocks was assessed through density measured before carbonation and at each 

stage of testing by determining the change in mass and dimensions of the sample to obtain the 

volume; and unconfined compressive strength (UCS) measured on a Control Advantest 9 apparatus 



by uni-axial loading in triplicates. The microstructures of representative samples from outer surfaces 

were observed by imaging fracture surfaces in a scanning electron microscope (SEM), JEOL JSM-

5800 LV, facilitating elemental composition analysis. Quantification of CO2 absorbed was achieved by 

the XRD-RIR technique and dissolving samples in HCl acid. The acid digestion method involved 

neutralization of solutions containing CO2 and chemical decomposition of the carbonates through their 

reaction with HCl acid, explained by the following reactions: 

 

 

MgCO3 + 2HCl  MgCl2 + CO2 + H2O          (5) 

 

MgO + Mg(OH)2 + 4MgCO3•Mg(OH)2•4H2O + 14HCl  7MgCl2 + 4CO2 + 13H2O      (6)

                     

 

X-ray diffraction (XRD), conducted on a Siemens D500 Diffractrometer, provided qualitative and 

quantitative analyses of the crystalline phases present within the mixes. The samples were broken 

down to small pieces (e.g. <5mm) and then quartered before being ground down to 125μm to be 

analyzed under XRD. The relative diffraction peaks of various carbonates, Mg(OH)2 and MgCO3 in 

each mix were identified by using XRD analysis under the operating conditions of Cu Kα radiation (40 

kV, 40 mA); scan rate: 2˚/step; 2θ: 5-50˚. The Reference Intensity Ratio (RIR) technique [49-53], 

which involves scaling the obtained diffraction data to the diffraction of a standard reference, was 

applied for the quantitative analysis of the phases present by making use of fluorite (CaF2) at 20 wt% 

as the internal standard phase [54]. The integrated intensity of fluorite was compared to that of the 

phases of interest. Calibration curves for MgO and Mg(OH)2, which were the components used for the 

purposes of quantitative analysis, were straight lines through the origin i.e. y=kx, where x is the RIR of 

the phase analyzed and y is the weight fraction of the component investigated. The value of k was 

0.2886 and 0.3651 for MgO and Mg(OH)2, respectively [15]. The RIR was acquired through dividing 

the integrated intensity of the strongest line of the phase with that of the standard.  

 

 

Table 2 



Chemical composition and physical properties of the MgO and pfa used, based on supplier 

datasheets (NM = not measured) 

 

 

 CaO SiO2 Fe2O3 Al2O3 MgO 
Specific 

gravity 

Mean 

diameter 

(μm) 

Specific 

Surface area 

(m
2
/g) 

Loss on 

ignition 

(%) 

MgO 2.0 1.0 NM NM >94.0 3.00 45.0 16.3 2.0 

Pfa 6.8 49.3 9.7 24.1 1.1 2.26 12.0 2.6 3.9 

 

 

Table 3 

Composition of the mixes produced for studying the effects of water/cement ratio, CO2 concentration, 

and curing duration 

 

 

Mix MgO (%) Pfa (%) Sand (%) Gravel (%) w/c 

p-0.6 

10 5 50 35 

0.6 

p-0.7 0.7 

p-0.8 0.8 

p-0.9 0.9 

n-0.6 

10 0 53 37 

0.6 

n-0.7 0.7 

n-0.8 0.8 

 

 

Table 4 

Dry conditions in the incubator for studying the effects of RH and wet/dry cycling 

 

 

Mix RH (%) Salt used to provide the required RH 

p-98 & n-98 98 - 

p-84 84 Potassium Chloride 

p-78 & n-78 78 Sodium Chloride 



p-67 67 Cupric Chloride 

n-55 55 Sodium Bromide 

 

 

3. Results and discussion 

 

 

3.1 Effect of water/cement ratio, CO2 concentration, and curing duration 

 

 

3.1.1 Density and strength development 

 

 

Fig. 1 shows the density and strength development of p-mixes and n-mixes subjected to 7 days of 

accelerated carbonation at 10% CO2 concentration and 98% RH. An average of 3% increase in 

density was observed after 7 days of carbonation of both mixes, corresponding to the formation of 

HMCs. Most mixes indicated significant strength developments, with values reaching 10.6 MPa and 

4.0 MPa after only 1 day of carbonation of p-mixes and n-mixes, respectively. Carbonation of p-mixes 

led to 110% higher strengths than n-mixes, confirming that the lower densities of the former provided 

relatively more porous structures available for strength development through the formation of HMCs. 

 

 

Strength results showed variations in accordance with the w/c ratios. Mixes with a w/c of 0.6 revealed 

poor compaction and crumbling during testing since their dry nature did not facilitate continuous 

carbonation. As water is necessary for both hydration and carbonation to take place, the low w/c 

ratios of these mixes delayed hydration and the subsequent carbonation processes, leading to small 

proportions of HMCs, also confirmed by the quantification results presented in Section 3.1.3. 

Alternatively, relatively wet mixes with a w/c of 0.9 included pores saturated with water, thereby 

hindering the transport of CO2 through the samples and delaying the formation of HMCs, which 

eventually led to low UCS results within the presented time frames. This effect was also confirmed by 

the detailed study of the crystalline phases, where the presence of brucite was observed at all stages 



of carbonation. As shown in Fig. 3, the fact that brucite was present quite extensively even after 1 day 

shows that hydration has taken place, whereas the rate of carbonation was not as high as it is in other 

mixes. 

 

 

A w/c of 0.7 resulted in the highest strength results in general for both sets of mixes. An increase in 

the w/c ratio from 0.7 to 0.8 had a positive impact on the strength development of p-mixes for longer 

durations of curing. Mixes with lower w/c ratios performed better in shorter curing durations due to the 

fast diffusion of CO2 through the unsaturated pore network, whereas larger amounts of water were 

needed for carbonation to proceed for longer periods, as the initially available water was consumed 

during the formation of HMCs. These findings were in agreement with those stated in the literature 

[32, 55], underlining the segmentation of capillary pores for lower w/c ratios, accompanied with lower 

permeability coefficients.  

 

 

The strength development of mixes with a w/c ratio of 0.7 over 7 days of accelerated carbonation at 

varying CO2 concentrations is shown in Fig. 2. The density of both set of mixes subjected to 5%, 10%, 

and 20% CO2 concentrations increased by ~1%, 4%, and 8% at the end of 7 days, respectively. While 

a higher increase in density was obtained as the CO2 concentration increased, this trend was not 

necessarily reflected in the strength results. N-mixes performed very similarly under different CO2 

concentrations, especially during the first 3 days, indicating that CO2 concentration is not the limiting 

factor in this case and carbonation can be improved through mix design. The difference in 

performance with varying CO2 concentrations is more obvious for longer durations of curing (i.e. 7 

days). On the other hand, although p-mixes show clear distinctions at early stages of carbonation, the 

strength results converge for longer durations. Both 10% and 20% CO2 concentrations led to the 

same strength result of p-mixes, 24 MPa after 7 days of carbonation, highlighting the redundancy of 

the higher CO2 concentration for longer periods. 

 

 



Strengths as high as 7.0 MPa and 17.4 MPa were obtained by p-mixes after 1 and 7 days of 

carbonation under 5% CO2 concentration, showing that the strength requirement for blocks, 7 MPa, 

can be achieved only after 1 day of carbonation under CO2 concentrations as low as 5%. Going from 

1 to 7 days, average increases in strength of ~160%, 120%, and 70% were attained by p-mixes 

subjected to 5%, 10% and 20% CO2 concentrations, respectively. The rapid strength development 

under lower CO2 concentrations signifies the diminishing differences between strength results for 

longer durations of carbonation. This is a good indication that after a certain point (e.g. 3 days), CO2 

concentration is not the limiting factor for the complete carbonation of MgO. 
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Fig. 1. Mixes with different w/c ratios at 10% CO2 and 98% RH analyzed for (a) density and (b) 

strength 
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Fig. 2. Mixes with a w/c of 0.7 and 98% RH under different CO2 concentrations analyzed for (a) 

density and (b) strength 
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3.1.2 Solid phases assemblage 

 

 

Since they performed better than n-mixes in terms of strength, p-mixes were further evaluated for 

their crystalline composition, and quantification of their hydration and carbonation degrees. XRD 

diffractograms of p-mixes are shown in Fig. 3. Peaks of nesquehonite (MgCO3∙3H2O), 

hydromagnesite (4MgCO3·Mg(OH)2·4H2O) and dypingite (4MgCO3·Mg(OH)2·5H2O) were evident in all 

mixes even after only 1 day of carbonation, along with unhydrated MgO, indicating that not all the 

MgO initially included within the formulations was consumed in the formation of brucite and then 

HMCs. No brucite was observed in mixes p-0.6 and p-0.7, corresponding with the lower w/c ratios, 

which led to limited hydration and subsequent carbonation. Although overlapping with 

hydromagnesite, some peaks of brucite were evident in mixes p-0.8 and p-0.9, evident from both the 

peak at 18.7
o 
2Theta and the bimodal peak at 38.0

o 
2Theta, as opposed to the corresponding single 

peaks of p-0.6 and p-0.7 at 38.0
o 
2Theta. This was linked with the higher w/c ratios of the former 

group. Also confirmed by the increasing strength results and reflected in the quantification results, the 

intensity of the brucite peak within mixes p-0.8 and p-0.9 reduced as the curing duration increased 

from 1 to 7 days (i.e. as carbonation progressed), since the formation of HMCs involves the use of 

water, thus progressively reducing the available water for the hydration process.  

 

 

One of the most interesting findings of this study was the small presence of artinite, 

Mg2(CO3)(OH)2·3H2O peaks in most mixes, along with lansfordite, MgCO3·5H2O, after 1 day of 

carbonation of p-0.8. Having a lower stability field of CO2 concentration than nesquehonite [56], 

lansfordite decomposes into nesquehonite [57, 58]. A strong peak of  giorgiosite, Mg5(CO3)4(OH)2·5-

6H2O, which belongs to the same group (group III) with hydromagnesite and dypingite due to the five 

Mg ions it contains, was observed within mix p-0.7 at 3 days. With its very similar chemical formula to 

that of dypingite (Mg5(CO3)4(OH)2·5H2O), giorgiosite could be present as a transformation phase 

during the formation of further dypingite. On the other hand, the presence of artinite within mixes that 



were subjected to accelerated levels of CO2 differs from the findings of Marini [29], who suggested 

that formation of artinite requires less CO2 than the amount present at ambient levels. 

 

 

XRD diffractograms of p-0.7 subjected to different CO2 concentrations are also presented in Fig. 3. In 

addition to dypingite, hydromagnesite, and artinite, all samples indicated the formation of 

nesquehonite, whose peak intensity increased with the CO2 concentration. This particular HMC, with 

an elongated needle-like structure, raises the solid volume upon its conversion from brucite, therefore 

reducing the overall porosity and increasing stiffness. This change corresponds well with the increase 

in density observed after carbonation, also leading to high strength results. This finding is in 

agreement with several studies [27, 28, 30], showing that nesquehonite forms at ambient 

temperatures and elevated CO2 levels. Although the thermal decomposition of nesquehonite into 

hydromagnesite is said to take place at temperatures higher than 50˚C [57, 59-61], this transition was 

observed at ambient temperatures within the scope of this study since both hydromagnesite/dypingite 

and nesquehonite co-existed in all mixes.  

 

 

 

 

Fig. 3. XRD diffractograms of all p-mixes with varying w/c ratios and CO2 concentrations 



 

 

3.1.3 Quantification of hydration and carbonation 

  

 

A comparison between p- and n-mixes subjected to varying CO2 concentrations in terms of their 

degree of hydration, carbonation, and MgO conversion measured by XRD analysis after 7 days of 

carbonation is provided in Table 5. Degree of hydration was calculated from the amount of MgO left 

unhydrated, whereas the amount of brucite that did not combine with the present water and CO2 to 

form HMCs was used to calculate the degree of carbonation. Degree of MgO conversion was 

computed by multiplying the degree of hydration with degree of carbonation, therefore taking both 

processes into account. The absence of a brucite peak within p-mixes led to 100% carbonation, while 

n-mixes demonstrated incomplete carbonation. The degree of MgO conversion increased with CO2 

concentration, linked with the continuous formation of HMCs. The small difference between the 

results obtained by p-0.7 subjected to 10% and 20% CO2 was consistent with the UCS results, 

indicating that after a certain point, CO2 concentration was not the limiting factor for continuous 

carbonation. Incorporating the hydration and carbonation degrees, the degree of MgO conversion 

increased with curing time and was greater for p-mixes than n-mixes. The highest degrees of MgO 

conversions, 82% and 80%, were achieved by p-0.7 under 20% and 10% CO2 concentrations, 

respectively, leading to the highest strength results amongst all mixes. 

 

 

The higher hydration degrees achieved by n-mixes when compared to p-mixes suggest that the 

presence of pfa may have hindered the hydration process to some extent within the latter. This was 

possibly due to the common ion theory, which suggests that in the presence of two sparingly soluble 

salts with a common ion, the solubility of the initially less soluble salt will further decrease during their 

physical interaction [62]. In this case, the CaO present within pfa can hydrate, forming portlandite, 

whose solubility (2.4x10
-2

 mol/L) is higher than that of brucite (1.5x10
-4

 mol/L). The coexistence of 

portlandite and brucite, both containing an OH
- 
ion, results in a reduction in the solubility of the latter, 

leading to a slower hydration of MgO, as observed in the results obtained here. On the other hand, 



although brucite formed extensively in the absence of pfa, its conversion into HMCs was lower, 

possibly due to the slower diffusion of CO2 through the relatively denser n-mixes when compared to p-

mixes. Although n-mixes demonstrated higher degrees of hydration (i.e. conversion of MgO into 

brucite) at all durations, it was the 100% carbonation (i.e. conversion of brucite into HMCs) achieved 

by p-mixes that explains their higher strength results, since brucite does not provide any 

microstructural strength. 

 

 

Quantification values of p-mixes subjected to 10% CO2 at varying w/c and curing durations are listed 

in Table 6. The increase in the degree of MgO conversion with curing time was obvious for all mixes. 

Mixes p-0.7 and p-0.8 achieved very similar conversions from 3 days onwards, also reflected by their 

mechanical performances. Mixes p-0.6, p-0.7, and p-0.8 achieved 100% carbonation in general, 

corresponding to the absence of the brucite peak during XRD analysis. The lower degrees of 

carbonation achieved by p-0.9 were linked with the slow diffusion of CO2 under high w/c ratios.  

 

 

Carbonation degrees of p-mixes measured by dissolving the samples in HCl acid are shown in Fig. 4, 

where the consistent trend between the results obtained by the two methods used for quantification 

purposes, XRD and HCl acid ingress, is evident. The results obtained by HCl acid analysis varied 

between 19-35%, 29-46%, and 34-50% after 1, 3, and 7 days of carbonation, respectively. The 

significant difference between the degrees of carbonation after 1 and 3 days of carbonation, after 

which a more gradual increase was observed for most mixes, indicate that carbonation took place 

much faster during the first 3 days of curing, whereas smaller increments of the CO2 absorbed were 

recorded between 3 and 7 days.  

 

 

Although there was a good agreement between the results in general, values obtained by XRD 

analysis (i.e. degree of MgO conversion) were mostly higher than those of HCl acid ingress (i.e. 

degree of carbonation), possibly linked with the discrepancies during HCl acid testing. The presence 

of amorphous phases invisible to XRD but soluble in acid, the high volatility of the acid, and the heat 



emitted as a result of the rigorous reaction between the carbonated samples and HCl acid all 

influence the total weight loss. While dissolving the samples within HCl acid gives direct 

measurements of the CO2 content within each mix, XRD analysis involves the calculation of hydration 

and carbonation through the presence of relevant peaks, which is not as straightforward as the former 

process. Another possibility is that the small sample broken down into powder form for XRD analysis 

may not be entirely representative of the parent block, which contained a high proportion (i.e. 35% by 

mass) of coarse aggregates that were hard to break into powder form. Therefore, differences in 

results obtained by these two methods are expected, especially since one is presented in terms of the 

“degree of carbonation” whereas the other one uses “degree of MgO conversion”, which incorporates 

both the degree of hydration and carbonation obtained by XRD. Another way to compare these 

methods is by observing the relationship between UCS and carbonation degree values obtained by 

each method, as shown in Fig. 5. R-squared values, realized by incorporating a linear trendline on the 

UCS vs. degree of MgO conversion/carbonation data, were obtained as 0.80 and 0.64 for XRD and 

HCl acid analyses, respectively. This is a good indication of the direct correlation between the degree 

of carbonation and strength values. Results obtained by XRD analysis were favored in this case due 

to the higher correlation coefficient, whereas the residual plots indicating the errors from the trendline 

suggest that there was no heteroskedasticity.  

 

 

Table 5 

Quantification of hydration and carbonation degrees of mixes with a w/c of 0.7 at 1-7 days subjected 

to varying CO2 concentrations by XRD analysis 

 

 

Mixes 
MgO 
(w/w) 

Brucite 
(w/w) 

Degree of 
Hydration 

(%) 

Degree of 
Carbonation 

(%) 

Degree of MgO 
Conversion (%) 

UCS 
(MPa) 

n-5%CO2-7d 0.0072 0.0756 93 44 41 12.8 

n-10%CO2-1d 0.0289 0.0504 71 51 36 4 

n-10%CO2-3d 0.0231 0.0455 77 59 46 8.1 

n-10%CO2-7d 0.0121 0.0609 88 52 46 13.8 

n-20%CO2-7d 0.0036 0.0527 96 62 60 15 

p-5%CO2-7d 0.0360 0 64 100 64 17.41 

p-10%CO2-1d 0.0580 0 42 100 42 10.6 



p-10%CO2-3d 0.0420 0 58 100 58 16.9 

p-10%CO2-7d 0.0200 0 80 100 80 23.53 

p-20%CO2-7d 0.0180 0 82 100 82 24.00 

 

 

Table 6 

Quantification of hydration and carbonation degrees of p-mixes subjected to 10% CO2 concentration 

at varying w/c and curing durations by XRD analysis 

 

Mixes 
MgO 
(w/w) 

Brucite 
(w/w) 

Degree of 
Hydration 

(%) 

Degree of 
Carbonation 

(%) 

Degree of MgO 
Conversion (%) 

UCS 
(MPa) 

p-0.6-1d 0.065 0 35 100 35 9.3 

p-0.6-3d 0.057 0 43 100 43 19.1 

p-0.6-7d 0.034 0 66 100 66 21.1 

p-0.7-1d 0.058 0 42 100 42 10.6 

p-0.7-3d 0.042 0 58 100 58 16.9 

p-0.7-7d 0.020 0 80 100 80 23.5 

p-0.8-1d 0.061 0.0100 39 82 32 4.7 

p-0.8-3d 0.038 0 62 100 62 17.4 

p-0.8-7d 0.016 0 84 100 84 25.0 

p-0.9-1d 0.073 0.0210 27 46 13 2.2 

p-0.9-3d 0.066 0.0180 34 63 22 6.2 

p-0.9-7d 0.059 0.0095 41 84 34 17.6 

 

 



 

 

Fig. 4. Comparison of the 2 different quantification methods for carbonation degree 

 

 

 

 

Fig. 5. Relationship between UCS and carbonation degree measured by XRD and HCl acid analyses  

 

 

3.2 Effect of RH and wet/dry cycling 
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3.2.1 Density and strength development 

 

 

UCS results of mixes p-0.7 and n-0.7 subjected to 10% CO2 under different RHs and wet/dry cycling 

frequencies for 18 days are shown in Figs. 6(a) and (b). The initial densities of p- and n-mixes ranged 

between 2.06-2.18 g/cm
3 
and 2.15-2.22 g/cm

3
, respectively. The extra humidity provided by higher 

RHs increased the density of both set of mixes; while those subjected to 67% and 55% RH 

demonstrated the lowest densities due to the relatively dry environment under which they were cured. 

Samples subjected to 78% RH outperformed all other RHs in the case of both p- and n-mixes, 

achieving strengths as high as 34 MPa and 24 MPa after 18 days curing, respectively. Amongst p-

mixes subjected to 4 different RHs ranging between 67-98%, the highest strength results, 34 MPa, 

were achieved under 78% RH, followed by 28.7 MPa at 98% RH. Containing 5% pfa within their 

formulations, p-98 and p-78 resulted in ~130% and 680% higher strengths on average than the 

corresponding n-mixes without pfa, n-98 and n-78, respectively. This difference in strength was more 

pronounced for those that were not subjected to any cycling. As the RH decreased, the gap between 

the performances of the two mix groups increased, corresponding to an overall difference of ~400%, 

demonstrating that including small amounts of pfa helped to endure the dry environments and 

resulted in strength results four times higher than those mixes where it was completely eliminated.  

 

 

P-mixes that were not subjected to any wet/dry cycling, denoted as RH-0d, indicated a consistent 

strength development over 18 days of carbonation due to the continuous supply of CO2, overriding 

any potential benefits of cycling on carbonation and hence strength development. The absence of 

cycling enabled these samples to have uninterrupted access to accelerated levels of CO2 during the 

entire 18 days of carbonation, which was certainly beneficial when compared to ambient CO2 levels 

available in the wet environment. However, wet/dry cycling also promoted carbonation by presenting 

alternative transport and reaction media. This was achieved through the provision of water that was 



needed for the formation of HMCs by the wet environment, whereas optimal gas transport took place 

in the dry environment.  

 

 

In general, strength development of p-mixes under varying RHs did not show a significant change 

with cycling frequencies, whose effect on strength development was more visible after 12 days of 

carbonation. All p-78 mixes subjected to different cycling frequencies achieved the same strength, 34 

MPa, after 18 days of carbonation, which was slightly higher than that of no cycling, 32 MPa. It is 

possible that incorporating cycling into the carbonation process of p-mixes resulted in a delay in the 

formation of strength providing HMCs. The benefit of cycling was more evident for n-mixes where 

samples subjected to 1-day cycling achieved the highest strengths at all times, followed by 2-days, 3-

days, and no cycling. Alternatively, p-mixes that were not subjected to any cycling outperformed all 

the others at up to 12 days of carbonation, showing that applying cycling with certain frequencies can 

benefit the strength development of mixes at longer durations of carbonation by establishing the right 

conditions for the further development of HMCs. 
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Fig. 6. Development of UCS with curing time under different RHs and wet/dry cycling for (a) p-mixes, 

and (b) n-mixes 

 

 

3.2.2 Solid phases assemblage 

 

 

The microstructure of p-98, p-84, p-78 and p-67 at 18 days of carbonation are shown in Figs. 7(a)-(d). 

Hydromagnesite/dypingite and nesquehonite were identified as the main HMCs forming after 

carbonation. SEM micrographs for mix p-98 demonstrated the dense formation of nesquehonite 

whereas hydromagnesite/dypingite was the main HMC forming in the case of mixes subjected to drier 

conditions. A much denser formation of hydromagnesite/dypingite was seen in p-78 than in p-67, 

which was in agreement with the UCS results.  
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Stoichiometry can also be used to explain the reasoning behind the formation of 

hydromagnesite/dypingite in dry conditions (i.e. provided by the set RH in the incubator), and 

nesquehonite under high RHs (i.e. enhanced by continuous spraying). The molar ratio of MgO:H2O 

within dypingite is 5:6. Corresponding to 10% of the overall compositions, each sample within this 

study contained 30g of MgO, which would need to combine with 16.2g of water to form into dypingite. 

With a w/c ratio of 0.7, all mixes contained 21g of water, which was sufficient even under low RHs for 

the formation of dypingite. On the other hand, the molar ratio of MgO:H2O within nesquehonite is 1:3, 

necessitating 40.5g of water for the formation of nesquehonite. In this case, since the already 

included 21g of water is not sufficient for nesquehonite formation, an additional 19.5g of water, which 

can be provided through high RHs enhanced by wet/dry cycling or extra water spraying, is necessary. 

 

 

Containing 39.1% water within its chemical composition as opposed to the 19.3% in hydromagnesite 

and 22.3% in dypingite, nesquehonite is also transformed with the loss of water. One reason for the 

high strength results obtained by samples which were subjected to wet/dry cycling could be due to the 

enhancement of nesquehonite production, whose formation as opposed to other HMCs has been 

seen to result in higher strength results in related previous work [14, 46, 47]. Higher frequencies of 

cycling may have also led to larger amounts of nesquehonite formation since samples subjected to 

frequent cycling were not exposed to the dry environments long enough for the decomposition of 

nesquehonite into other HMCs that contain less water within their structures, hence providing a more 

favorable condition for the formation of nesquehonite.  
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Fig. 7. SEM images of mixes (a) p-98, (b) p-84, (c) p-78, and (d) p-67 

 

 

4. Conclusions 

 

 

The effects of curing conditions including water/cement ratio, CO2 concentration, curing duration, RH, 

and wet/dry cycling frequency on the carbonation of MgO cement porous blocks have been studied in 
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detail to provide the highest potential for the amount of CO2 absorbed that would also lead to 

significant strength results. The different factors investigated collectively indicate that none of the 

curing conditions are independently the only determinant for the continuous progress of carbonation. 

Mixes with different compositions were compared, showing that small additions of pfa to porous block 

mixes led to increased rate and amount of carbonation. This was also reflected as improved 

mechanical performances when compared to mixes where pfa was completely eliminated.  

 

 

Mixes with lower w/c ratios performed better in shorter curing durations, whereas larger w/c ratios 

were needed for carbonation to proceed for longer periods. Mixes subjected to 10% CO2 

concentration performed as well as those cured under 20% CO2, confirming that after a certain point 

CO2 concentration is not the limiting factor for the complete carbonation of MgO. CO2 concentrations 

as low as 5% were sufficient in providing the necessary strength requirement for blocks (i.e. 7 MPa) 

only after 1 day of carbonation, thereby reducing the overall cost if implemented commercially on a 

larger scale. CO2 captured and recovered from flue gases emitted from power plants or other 

industrial processes can be used during this process, eliminating any further damage to the 

environment, while satisfying strength requirements. 

 

 

Although high RHs are known to benefit the progress of carbonation since dry curing environments do 

not favor hydration and carbonation processes, strength development does not necessarily follow a 

linear trend with RH, given that optimal gas transport takes place in a dry environment. Since the 

provision of water is needed for the formation of HMCs as opposed to the dry environment 

requirement for the most favorable gas transport, an optimum RH corresponding to the maximum 

amount of carbonation exists for each mix composition. Subjected to different RHs ranging between 

55-98%, mixes cured under 78% RH outperformed all the others studied within the scope of this work, 

highlighting the benefits of incorporating wet/dry cycling, depending on the frequency of cycling and 

duration of curing.  
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