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Abstract

The use of MgO-based materials for sequestration of CO» offers technical advantages and
environmental incentives. However, the understanding of accelerated carbonation of MgO-
based materials in flowing CO; gas is limited. This study elucidates the carbonation behaviour
of reactive MgO cement (MC) and MgO-Portland binary cement (BC) in a simulated CO»-rich
industrial exhaust. Quantitative X-ray diffraction and thermogravimetric analyses showed that
nesquehonite (MgCOs3-3H20) was the major carbonation product in MC pastes, whereas
CaCOs3 was preferentially generated in BC pastes. The relative humidity of exhaust gas
influenced CO; diffusion and the carbonation rate; 98% humidity facilitated MC carbonation
whereas 50% was favourable for BC carbonation. Although CO; concentration determined the
carbonation rate, 10% CO- gas in the exhaust was sufficient to accelerate carbonation. The
carbonation degree and compressive strength of samples cured for 7 days at 10% CO> were
comparable to the values of samples cured for 1 day at 100% CO.. The presence of acid gases
during CO; curing inhibited the carbonation and hydration processes, but the presence of
Portland cement in the BC system gave good compatibility with acids and relieved the

inhibitory effect. Desulphurization and denitrification of industrial exhaust gas are nonetheless
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desirable before CO; curing. This study builds the foundation for utilising industrial CO;
exhaust to accelerate the carbonation of Mg-based materials.
Keywords: eco-friendly cement; CO; sequestration/utilisation; amorphous hydrated carbonate;

cement hydration chemistry; gaseous waste valorisation; sustainable chemistry/engineering.
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Highlights:

e MgO-based cement can sequester and utilize CO> from industrial exhaust.

e Relative humidity influenced CO; diffusion and carbonation rate.

e 7-d curing with 10% CO: concentration ensured sufficient carbonation degree.

e Acid gases in exhaust severely inhibited carbonation and hydration.

e Binary MgO-Portland cement showed fast carbonation rate and good compatibility with

acids.

1. Introduction
Cement and concrete have been essential materials for the urbanisation of society. More than
10 billion tonnes of concrete are annually generated worldwide, which has been the second-

most-used material in the world only behind water [1]. Concrete is usually based on ordinary
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Portland cement (PC) as a binding material, due to its robust, reliable, and inexpensive nature.
PC is generated from calcination of limestone and clay minerals at 1400 °C in a kiln, which is
associated with a high CO; emission (660-820 kg CO> per tonne) contributing to
approximately 7-10% of global anthropogenic CO> emissions [2-4]. Therefore, extensive
research has been devoted to developing alternative low-carbon cementitious systems to

partially or totally replace PC in certain applications.

Reactive magnesia cement (MC) is a promising candidate “green cement”, produced by the
calcination of magnesite at relatively low temperature (650-800 °C) [5,6]. Recently, recovery
of Mg?* from salt lakes and seawater to produce MC has been proposed as an eco-friendly
approach [7], as the low geological abundance of high-purity magnesium minerals in many
parts of the world constrains the uptake of magnesia-based cements [8]. However, in locations
where suitable resources are available at scale, this is a potentially attractive route to
valorisation of under-utilised resources. For instance, as a by-product of the Li>COs3 production
from salt lakes, there are 200,000 tonnes of MgO produced annually in Qarhan Salt Lake in
Qinghai Province, China [9]. Partial MC replacement in PC-based cementitious binder systems
could enhance the properties of cement and concrete products, including characteristics such
as denser pore structure, higher mechanical strength, superior resistance to chemical attack and

corrosion, as well as excellent compatibility with contaminants [10,11].

Recent research has shown that MC is a versatile material that can be used alone as a binder,
or blended with other materials for diverse applications, such as MgO expansive cements,
MgO-based self-healing materials, MgO-based stabilization/solidification agents, MgO-
modified alkali-activated materials, magnesium phosphate cements, magnesium oxychloride

(Sorel) cements, magnesium oxysulphate cements, magnesium silicate hydrate (M-S-H)
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cements, and others [8,12,13]. Importantly, MC derived from an efficiently-produced magnesia
source is regarded by some as a “carbon negative” cementitious material, as it can sequester
CO; and gain improved binding properties during accelerated carbonation [14,15]. CO; curing
has been suggested to accelerate the carbonation of cement-based products and facilitate carbon
sequestration in solid mineral phases [16,17]. During CO; curing, dissolved and ionised CO>
induces the carbonation of Ca**/Mg?* ions from the cement matrix, which then precipitates in
the voids of the matrix as carbonates (anhydrous and hydrated) in a short period of time,
boosting setting and hardening process, forming a dense, strong and potentially stable structure
[18-20]. MC usually contains more than 85% active MgO, and the CO> sequestration capacity
can reach up to 92.8 wt%, which is higher than the capacity of PC (50.4 wt%) based on
theoretical calculation. The carbonation of MC can take place via the formation of magnesium
carbonate (MgCO3) from hydrated Mg(OH)2 by the uptake of COx:

Mg(OH): + CO2 — MgCOs + H20 (Eq. D)

or with the incorporation of water to form hydrated magnesium carbonates (HMCs), including
nesquehonite  (MgCO3.3H>0), dypingite  (Mgs(CO3)4(OH)2.5H>0), and artinite
(Mg2(OH)2C03.3H20). In most cases, nesquehonite is the most prominent Mg carbonate phase
during CO; curing:

Mg(OH), + COz + 2H,0 — MgCO3-3H,0 (Eq. 2)
HMCs can form a well-densified structure with good binding ability, thus enhancing the
mechanical properties of MC-based products [8,21]. The reaction pathways and quantitative
compositions of HMC:s are kinetically and thermodynamically controlled by many factors such

as temperature, CO> pressure, ionic strength, etc [22, 23].

Accelerated carbonation of MC is well documented in the recent literature [24,25]. However,

most of these studies have reported accelerated carbonation that was performed in a static CO>



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

curing chamber with pressured and concentrated CO2 gas [26,27]. This static COz curing can
make the maximum use of CO; for accelerated carbonation and facilitate the investigation of
the mechanisms of MC carbonation. However, some researchers have pointed out that the static
CO; curing represents an ideal CO; curing, which is an energy-intensive approach and far from
practical application [28]. As the carbonation of MC is rate-limited and quite slow in an
atmospheric environment, it has been argued that the re-adsorption of CO: from the
environment will not take place to a meaningful extent in MC during its service life, meaning
that the classification of “carbon negative” is doubtful [8]. The carbonation of MC and PC
binary system has attracted wide attention, because the binary cement could utilise their
respective advantages and alleviate individual drawbacks, achieving satisfactory carbonation
efficiency, early strength, and durability [27,29]. Up to now, there is no consensus that MC and
MC-based cementitious materials can be effectively carbonated to sequester CO> in practical

situations.

In this study, we investigate the potential efficacy of accelerated carbonation of MC and MgO-
based binary cement (BC) in a field-relevant situation. The flow-through CO: curing system
can simulate a real process exhaust situation, which allows adjustable temperature, humidity,
flow rate, and CO> concentration. The flow-through curing system can utilise CO»-rich
industrial exhaust gas as a CO; source for carbonation, e.g., flue gases from fossil-fuel power
plants, cement rotary kilns, steelworks, and refuse incineration plants, which may contain CO>
concentrations ranging from 5% to 20% [30]. Because the carbonation rate is sensitive to
exposure conditions during CO: curing [31], the effects of parameters in the exhaust gas supply
(CO2 concentration, relative humidity) on carbonation of MC and BC are investigated.
Additionally, exhaust CO- gas is usually associated with acid gases (such as SOz and NO»),

which should be considered before practical applications, so these contaminants are included
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in the gas environment for selected experiments.

To explore the carbonation efficiency of MgO-based cement in simulated industrial exhaust
gases, this study aims to: (i) assess the effect of relative humidity on the CO> diffusion and
carbonation of MgO pastes; (ii) elucidate the influence of CO; concentration on the carbonation
rate and formation of final carbonates; (iii) evaluate the interference of acid gases with the
accelerated carbonation of MgO systems; and (iv) investigate the interactions between MC and

PC in the flow-through CO; curing system.

2. Materials and Methodology

2.1 Materials and Sample Preparation

Reactive MgO cement and ASTM Type I ordinary Portland cement were used in this study.
The MC with a density of 3.15 g cm™, produced from the calcination of MgCO3 at 700 °C, was
obtained from Renheng Magnesium Company, Liaoning Province, China. The PC with a
density of 3.16 g cm™ was purchased from Green Island Cement Limited, Hong Kong. The
chemical compositions of the PC and MC cement were determined by X-ray fluorescence
(XRF) and are listed in Table 1. The particle size distribution and the X-ray diffraction (XRD)
data obtained for PC and MC are presented in Figure S1 and Figure S2 (Supplementary
Information). Reagent-grade Mg(NO3),, NaCl, and K>SO4 used for adjusting the relative
humidity were purchased from Tianjin Chemical Reagent Factory, China. Reagent-grade
H>SO4 (95-98%) and HNO3 (70%) solution for simulating acid gases were purchased from

Sigma-Aldrich.

The MC binder and a binary cement (BC) binder were investigated in the flow-through CO>

curing condition. The BC binder was composed of 50 wt% MC and 50 wt% PC. The water-to-
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binder ratio was kept at 0.25 in both cases, giving zero slump paste mixtures, which was
advantageous for block production and subsequent CO: curing [29]. To simulate the
interference of acid gases (SO2 and NO2), H2SO4 (0.125 wt% of paste) and HNO3 (0.0137 wt%
of paste) were added into specified mixtures based on theoretical calculation (in Supplementary
Information). For the production of MC and BC blocks, water was added into the binder and
mixed for 3 min by a planetary stirrer. The fresh pastes were cast in steel cylindrical moulds
(55 mm internal diameter) and compacted with 30 MPa pressure until the height of the sample
was compressed to 55 mm. After an additional 1 min compaction, the samples were demoulded
immediately without slump and subjected to different curing conditions. In the flow-through
CO; curing chamber, the relative humidity of gas was controlled at 50%, 75%, and 98% by
equilibration with saturated Mg(NOs)>, NaCl, and K>SO4 solutions respectively; the CO>
concentration was adjusted to 0%, 10%, 40%, 70%, and 100%; the curing times (i.e., periods
of CO; curing) were 6 h, 1 d, 3 d, and 7 d. All experiments were conducted in triplicate and the
average values are reported with error bars where appropriate. The CO; concentration was
adjusted by controlling the blending ratio of variable flow rates of air and CO> gas, and a CO»
meter (CM-0003, CO:2Meter) was used to monitor and record the CO2 concentration in the
flowing gas. A schematic diagram of the flow-through CO> curing set up is shown in Figure

1.

Table 1. Chemical compositions of PC and MC (wt %)

Na2O MgO AlLOs SiO: P05 SO3 KO0 CaO Fex03 LOI
pCc 0.17 1.38 4.79 18.99 0.08 452 0.79 6572 3.10 2.45
MC 0.00 90.46 0.46 5.81 0.10 0.10 0.15 222 0.59 542

LOI: loss on ignition; PC: ordinary Portland cement; MC: reactive MgO cement.
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Figure 1. Schematic diagram of flow-through CO» curing setup.

2.2 Physical Properties and Thermogravimetric/Spectroscopic/Microscopic Analyses

The uniaxial compressive strength of the MC and BC blocks was examined by using a standard
testing machine (Testometric CXM 500-50 KN) at a loading rate of 0.6 MPa s [32].
Thermogravimetric analysis (TGA) of powder samples was performed by heating from 40°C
to 1000 °C at 10 °C min! with argon purge gas (Rigaku Thermo Plus). Crystalline-phase
mineralogy of samples was determined using a high-resolution powdered X-ray diffractometer
(XRD, Rigaku SmartLab) in the range 20 = 15-45° at a rate of 3° min™!, with Cu Ko adiation
generated at 45 kV and 200 mA. It should be noted that the XRD scan at a low angle is also
important for detecting the strong peaks of hydrated magnesium carbonates in this range. For
quantitative X-ray diffraction (Q-XRD) analysis, 20 wt% corundum (Al,O3) was used as an
internal standard to determine the content of amorphous constituents, although it was regarded
as a semi-quantitative method in view of the likelihood of errors. The Q-XRD analysis was
calculated by the whole powder pattern fitting (WPPF) method of the integrated X-ray powder
diffraction software (PDXL). The surface morphology and elemental distribution of samples
with Au coating were investigated by scanning electron microscopy with energy-dispersive X-

ray spectroscopy (SEM-EDX, TESCAN VEGA3 XM) at an accelerating voltage of 15 kV with
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a current of 70-78 uA. For quality assurance, all of the samples were crushed into specified

size and homogeneously mixed for the analytical tests.

3. Results and Discussion

3.1 The Role of Relative Humidity in Hydration and Carbonation

3.1.1 MC Pastes

From the thermogravimetry (TG) curves (Figure 2a), the weight loss from 100 °C to 300 °C
can be ascribed to the evaporation of the physically adsorbed water and bound water from the
hydrated magnesium carbonates (HMC:s, e.g. nesquehonite) [27]. The sharp peaks near 370 °C
and 390 °C in the derivative thermogravimetry (DTG) curves (Figure 2b) correspond to the
dehydroxylation of Mg(OH); and decarbonisation of HMCs, respectively [27]. The mass drop
at higher temperatures (from 500 °C to 600 °C) was associated with the decomposition of
metastable Mg-carbonates. The peaks at temperatures above 600 °C mainly result from the
decomposition of stable, well-crystallized MgCOs3 [23]. In the 1-d air cured samples, there was
a mass loss of 12.3 wt% at 370 °C (Figure 2a), equivalent to 39.7 wt% Mg(OH): content. The
air cured samples also showed 4.32 wt% mass loss due to carbonates (equivalent to 8.25 wt%
MgCOs), which resulted from the original MgCOs in raw MgO cement (Figure S2). By
comparison, after 1-d CO; curing, the Mg(OH), peak was reduced and shifted from 370 °C to
390 °C, especially in the samples with 98% humidity CO, curing. An obvious dehydration peak
of HMC:s could be observed in the 98% humidity samples. Thus, 98% humidity was selected
as the optimal humidity for the carbonation of MC samples, although 50% humidity was
regarded as an optimal humidity for PC system in a previous study [16]. This is attributed to
the relatively high water consumption for the dissolution of Mg(OH)> (Ksp = 1.13x10°!" at 25
°C) compared to the Ca(OH): (K = 5.02x107 at 25 °C) resulting from Portland cement

hydration [33]. It should be noted that the content of MgCO3 (approximately 10.32%) was
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similar in all 1-d samples. This suggests that Mg(OH)> was preferentially carbonated into
HMCs [34], because the AG of MgCO3-3H>0 generation (-38.7 kJ mol'!) was lower than the

energy of MgCOj3 generation (-30.2 kJ mol ™) (Figure S3).
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Figure 2. TGA of MC pastes: (a) TG curves of 1-d cured pastes as a function of curing
environment and humidity; (b) TG curves of pastes at cured at 100% CO; and 98% humidity
for different durations; (c) DTG curves corresponding to (a); (d) DTG curves corresponding to
(b). (HMCs: hydrated magnesium carbonates).

The degree of carbonation in MC samples as a function of CO> curing time (at 98% humidity)
is shown in Figure 2b&d. The content of newly formed HMCs in 6-h CO; samples was
negligible, reflecting the low carbonation degree (i.e., the degree of the transformation of
Ca(OH)> and Mg(OH); into CaCOs3, MgCO3 and HMCs) in the early term. However, after 1-d

CO, curing, the peak at 370 °C was shifted to a higher temperature. The mass loss of HMCs

10
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The XRD diffractograms (Figure 3a) illustrate that a remarkable peak of brucite (Mg(OH).) at
18.7° 20 existed in 1-d air cured samples. The Q-XRD results (Figure 3b) further indicate that
there was 36.1 wt% of Mg(OH), content and 48.2 wt% of unreacted MgO in the air cured
samples. After 1-d CO> curing, the contents of both Mg(OH), and MgO decreased whereas the
contents of MgCOs3, nesquehonite (MgCOs3-3H20), and amorphous phase (e.g., poorly-
crystalline Mg(OH)>, MgCO3, and HMCs) increased, which agreed with the TGA results. In
particular, for the samples with 98% humidity CO; curing, a new peak due to nesquehonite
appeared at 23.2° 20. The XRD results provide further evidence that high relative humidity
(98%) 1is a favourable condition for CO2 curing of MC-based materials under flow-through

conditions.

Figure 4 shows that MC blocks, after 6-h air curing, had a low compressive strength (3.74
MPa), whereas the strength reached 17.6 MPa after 1-d air curing, and gradually increased with
curing time due to continued MgO hydration. In the CO: cured samples, there was marginal
enhancement of strength after 6-h CO> curing compared to the air-cured samples. This proved
that 6-h curing was insufficient for CO; diffusion and further carbonation under the non-
pressurised flow-through conditions, although accelerated carbonation has previously been
shown to be nearly complete under higher-pressure CO within 2-h of curing [34]. After 1-d
CO; curing, the compressive strength of MC samples significantly increased, and after 7-d CO>
curing at 98% humidity, it was 3.8 times higher than that of the 1-d air cured samples. These
results demonstrate that MC pastes can be carbonated to generate abundant HMCs, as indicated
by the TGA and Q-XRD results (Figure 2 and 3), for strength enhancement even in the non-

pressurised flow-through curing system.
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Figure 4. Compressive strength of MC pastes under air and CO> curing, with various relative
humidities as marked.

3.1.2 BC Pastes

The TG and DTG curves of the 1-d cured BC pastes are illustrated in Figure Sa&c. From Figure
5c, 3.46 wt.% mass loss at 370 °C (equivalent to 11.7 wt.% Mg(OH)2) and 1.04 wt.% mass loss
at 410 °C (equivalent to 4.27 wt.% Ca(OH),) were observed in the 1-d air cured samples. By
comparison, the Ca(OH) peaks diminished and CaCOs peaks intensified after 1-d COz curing,
while Mg(OH); was partially transformed into HMCs. Among the different relative humidity
conditions tested, low humidity levels (50% and 75%) were favourable for the carbonation of
BC pastes, which was distinct from the MC systems. In the BC system, the generation and
dissolution of Ca(OH)2 was much faster than Mg(OH)., thus, the CO; diffusion rate became
the major limiting factor determining the overall rate of carbonation. As the CO; diffusion
coefficient in water is 4 to 5 orders-of-magnitude lower than in air [35], low humidity levels
(50% and 75%) facilitated CO- diffusion and increased the overall carbonation rate of the BC

pastes.
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Under 50% humidity, 6-h CO> curing significantly promoted the transformation from Ca(OH)>
to CaCOs, however, it had little effect on the carbonation of Mg(OH),. This reflects that CO>
preferentially reacted with Ca to generate CaCQOs3. One of the major reasons is that the AG of

CaCO;3 generation (-73.0 kJ mol™) is lower than that of MgCOj3 generation (-30.2 kJ mol™)

[34]. In addition, the dissolution and hydration

than that of reactive MgO in the BC system, thus the Ca(OH)> content was higher than the
Mg(OH)2 content at early age. After the consumption of Ca(OH)>, Mg(OH), was partially
carbonated into HMCs after 1-d CO; curing, and then Mg(OH)> and HMCs were gradually

transformed into MgCOs, yet the content of hydrates and carbonates were similar in the 3-d

and 7-d COz cured samples.
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Figure 5. TGA of BC pastes: (a) TG curves of 1-d cured pastes as a function of curing
environment and humidity; (b) TG curves of pastes at cured at 100% CO> and 50% humidity
for different durations; (c) DTG curves corresponding to (a); (d) DTG curves corresponding to
(b). (BC: binary cement; C-S-H: calcium silicate hydrate; HMCs: hydrated magnesium

carbonates).
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The Q-XRD results (Figure 6b) show that there were large quantities of unreacted MgO (34.8
wt%), C3S (16.5 wt%), and C2S (11.2 wt%) in the 1-d air cured samples. The 1-d CO; curing
effectively boosted the hydration and carbonation of raw materials to generate carbonates (e.g.,
CaCO3). The Q-XRD results confirm that Ca(OH), was preferentially carbonated during 1-d
CO; curing. In the early stage (1-d), the BC samples with 50% humidity CO; curing showed

the highest carbonation degree.

As shown in Figure 7, the compressive strength of BC blocks under 6-h air curing was only
0.67 MPa, while 6-h CO» curing enhanced the strength to 4.03 MPa. The carbonation rate in
the BC system was faster than in MC system due to the higher activity of Ca?* in BC. After 1-
d CO; curing, all the carbonated samples were stronger than the 7-d air cured samples. The
strength of BC samples reached as high as 61.5 MPa after 7-d CO; curing. Among the samples,
50% humidity facilitated the early strength development of BC samples by accelerated
carbonation whereas 98% humidity promoted the later stage (7-d) strength development by
continued hydration and carbonation. Humidity as a key factor determining the rate of
carbonation can be adjusted at different stages of curing under the flow-through conditions

tested here, providing an interesting route to practical process optimisation.
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Figure 7. Compressive strengths of BC pastes under air and CO> curing with various
humidities.

3.2 Efficiency of Various CO; Concentrations in Accelerated Carbonation

3.2.1 MC Pastes

As illustrated by the measured TG curves (Figure 8), the mass loss of all the carbonated samples
was larger than the values for corresponding air cured samples (0% CO»). After 1-d CO; curing,
samples that had been subjected to different CO> concentrations showed similar weight drops
in TG due to decarbonation at 570 °C (5.15 wt%) and 630 °C (1.30 wt%). However, compared
to air cured samples, the peak at 370 °C was enlarged and shifted to 390 °C, especially for 70%
CO; and 100% CO, samples. The broad peak between 100 °C and 300 °C also increased in
70% CO2 and 100% CO; samples. These results suggest that the transformation of Mg(OH)>
into HMCs was insignificant in the low CO> concentration (10% and 40%) samples while it
was remarkable in the high CO» concentration (70% and 100%) samples. The degree of
carbonation in 10% CO, samples increased with curing time (Figure 8b). Compared to 1-d CO>
curing, the mass loss peak shifted from 370 °C to 390 °C after 3-d CO; curing (Figure 8d). The

total weight drop of 7-d 10% CO. cured samples (22.8 wt%) was comparable to that of 1-d
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100% CO; cured samples (22.7 wt%) (Figure 8b). Therefore, a relatively low concentration of
COs (e.g., 10%) under the flow-through curing conditions could still accelerate the carbonation

of MC samples, and extended CO> curing effectively enhanced the carbonation degree.
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Figure 8. TGA of MC pastes: (a) TG curves of 1-d pastes as a function of CO> concentrations;
(b) TG curves of pastes at cured at 10% CO: for different durations; (c) DTG curves
corresponding to (a); (d) DTG curves corresponding to (b).
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Figure 9. XRD diffractograms and Q-XRD analysis of MC pastes with different CO>
concentrations and curing time: (a) XRD diffractograms of 1-d cured pastes with different CO>
concentrations; (b) XRD diffractograms of pastes cured at 10% CO: concentration with

different curing times;

(¢) Q-XRD analysis of 1-d cured pastes with different CO>

concentrations; (d) Q-XRD analysis of pastes cured at 10% CO: concentration with different
curing times.

Figure 9a illustrates that the XRD peak due to Mg(OH); at 18.7° 20 gradually decreased with

increasing CO2 concentration, whereas the content of MgCOs3 increased. In samples exposed

to 100% COz, the peaks of nesquehonite appeared at 23.4° and 34.5° 20. The Q-XRD results

further suggested that a high content of amorphous phase (approximately 31.2%) existed in

70% and 100% CO> cured samples, and HMCs were the dominant components of amorphous

phase based on the TGA results. From Figure 9b&d, the content of MgCO3 and amorphous

HMCs in 10% CO. samples continually increased with curing time. The amorphous content
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364  reached 30.2% after 7-d curing at 10% CO., which is further evidence that low-concentration

365  CO:2 and sufficient curing time can still promote carbonation of MC products.
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369  Figure 10. SEM images and elemental mapping of MC and BC samples: (a) SEM image of 1-

370 d 0% CO2 and 10% CO; cured MC and BC samples, (b) element mapping of 1-d 10% CO»
371  cured MC samples, (c) element mapping of 1-d 10% CO; cured BC samples.
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As illustrated in SEM images (Figure 10a), 1-d air (0% CO3) cured MC samples had a rough
surface with a large number of spherical particles, which may be unreacted MgO particles [36].
By comparison, 1-d 10% CO> cured MC samples showed a dense structure, suggesting
favourable MC hydration and carbonation. Elemental mapping (Figure 10b) showed that Mg
and O were the predominant elements and only a low content of C existed in 1-d 10% CO:
cured samples. Therefore, under low-concentration CO; curing conditions, a long time CO;

curing is required to achieve a high degree of carbonation.
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Figure 11. Compressive strengths of MC pastes under CO; curing with various CO;
concentrations.

Figure 11 shows that after 6-h CO> curing, all the MC blocks showed comparable compressive
strengths (3.74-4.41 MPa). After 1-d CO: curing, the differences in compressive strength were
significant among different CO; cured samples. The 1-d 10% CO: cured samples showed

higher strength than 7-d air cured samples, and strength increased with the increase of CO;
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concentration because of the favourable carbonation as indicated by the TGA and Q-XRD
results (Figure 8 and 9). It should be noted that extended 10% CO- curing (7-d) yielded similar
strengths to 1-d 100% CO: cured samples. These findings demonstrate that a low CO:
concentration gas (e.g., industrial exhaust) could be used to accelerate carbonation of MC-

based materials, although it needs a relatively long curing time compared to 100% CO- curing.

3.2.2 BC Pastes

Figure 12a illustrates that the mass loss of 1-d carbonated BC samples increased with an
increase of CO: concentration, and that the Ca(OH). in BC systems was preferentially
carbonated into CaCO3. The obvious peaks of Ca(OH)2 could be observed for the lower-CO>
cured samples, whereas Ca(OH), peaks nearly disappeared and Mg(OH), was partially
transformed into HMCs and MgCOs in 100% CO- cured samples (Figure 12¢). The contents
of carbonates increased with CO; curing time. The extent of calcite decomposition measured
by TG for 10%-CO> cured samples increased from 4.8 wt% (6-h curing) to 9.0 wt% (7-d
curing). The peak of Mg(OH)2 (370 °C) was also shifted to a temperature indicative of HMCs
(390 °C) after 7-d CO; curing (Figure 12d). Thus, long-term curing at low concentration CO>

curing could also accelerate the carbonation of BC.

As shown in Figure 13a&ec, with the increase of CO; concentration the content of Ca(OH): in
1-d cured BC samples gradually decreased, however, Mg(OH). content was maintained at
approximately 8.6%, except in 100% CO- cured samples, suggesting that only Ca(OH), was
partially carbonated in the early stages. From Figure 13b&d, the contents of Ca(OH)> and
Mg(OH)2in 10% CO; cured samples continually decreased with increasing curing time, while
the contents of calcite and amorphous phase accordingly increased. After 7-d curing at 10%

CO,, the contents of calcite and amorphous phase (C-S-H, calcium aluminate hydrates,
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amorphous HMC:s, poorly crystalline carbonates, etc.) reached 13.5% and 36.9%, respectively,

which were also comparable to the contents of these phases in 1-d 100% CO; cured BC

samples.
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Figure 12. TGA of BC pastes: (a) TG curves of 1-d pastes as a function of CO; concentrations;
(b) TG curves of pastes at cured at 10% CO: for different durations; (c) DTG curves
corresponding to (a); (d) DTG curves corresponding to (b).

From SEM imaging (Figure 10a), 1-d air cured BC samples had a rough surface but the
spherical particles on the surface were not remarkable. In contrast to the MC samples, most of
MgO particles in the BC samples might be enclosed by PC hydrates (e.g., C-S-H gel) [37].
After 1-d 10% CO; curing, a smooth and dense surface could be observed for BC samples.

Elemental mapping (Figure 10c) illustrated that 1-d 10% CO; cured BC samples have a higher
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content of carbon than the corresponding MC samples, and the carbon overlapped with the Ca-

rich areas. This provides further evidence that CO; reacted with Ca?* preferentially due to the

relatively high solubility and reactivity of Ca(OH). Therefore, the PC in the BC system played

an important role in promoting the early-term carbonation in low-CO; concentration condition.
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Figure 13. XRD diffractograms and Q-XRD analysis of BC pastes with different CO>
concentrations and curing times: (a) XRD diffractograms of 1-d cured pastes with different
CO; concentrations; (b) XRD diffractograms of pastes cured at 10% CO- concentration with

different curing times;

(c) Q-XRD analysis of 1-d cured pastes with different CO>

concentrations; (d) Q-XRD analysis of pastes cured at 10% CO> concentration with different

curing times.

As shown in Figure 14, BC samples with high-concentration CO:2 curing presented higher
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compressive strengths at different curing durations due to their higher carbonation rate.
However, the lower CO:> concentration curing still effectively accelerated carbonation.
Compared to 7-d air cured samples, the 7-d 10% CO: cured samples showed 31.8%
enhancement of compressive strength, which gave comparable strength with 1-d 100% CO>
cured samples. Therefore, low CO; concentration gas under flow-through conditions is also

effective for accelerating the carbonation of BC-based materials.
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Figure 14. Compressive strength of BC pastes cured under CO, with various CO>
concentrations.

3.3 Effect of Acids on Accelerated Carbonation

The TG results (Figure 15) indicate that the mass loss of hydrates and carbonates of 1-d CO>
cured MC samples significantly reduced in the presence of H2SO4 and HNO3 as representative
acids that may be observed in flue gases. The carbonation of the MC samples was significantly
inhibited by the acidic conditions. As the acidities of HoSO4 and HNOs3 are stronger than
H,>COs3, carbonates could not displace SO4> and NOs™ from the MC samples as the stronger

acids reacted preferentially with the solid alkaline phases [38]. The sulphation and nitration are

25



463

464

465

466

467

468

469

470

471

472

473
474
475

476

irreversible processes [39]. It should be noted that the molar concentration of HoSO4 tested here

was 5.83 times higher than the value of HNOj3 based on an investigation in power plant exhaust

(in Supplementary Information). From Figure 15c, compared to acid-free MC samples, the

mass loss in TG attributed to HMCs decomposition in acid-incorporated samples significantly

reduced, especially for the H>SO4-MC samples. Thus, in actual application, a high

concentration of SO> in the exhaust may have a remarkable inhibitive effect on MC

carbonation.
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Figure 15. TGA of 1-d 100% CO- cured pastes with H2SO4 and HNO3 addition: (a) TG curves
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In the TG analysis of the 1-d CO2 cured BC system (Figure 15b&d), the presence of H>SO4
and HNOs resulted in an 11% reduction in the mass loss of the hydrates and carbonates,
respectively, which was lower than the reduction in the MC system. This suggests that BC
samples had better compatibility with acids compared to MC samples. The high concentration
of H2SO4 and low concentration of HNO3 had a similar inhibitory effect on carbonation in the
BC system. The H>SOs may react with Ca(OH): to form CaSQOs4, which is one of the
components in PC (Table 1). Thus, PC in the BC system may to some degree be able to

compensate for the adverse effect of H2SOs.

As shown in Figure 16, compared to acid-free CO; cured MC samples, the acid-incorporated
samples contained a higher content of uncarbonated Mg(OH), particularly for the H>SOq
samples. Q-XRD analyses further indicated that the presence of H>SO4 and HNO3 reduced the
content of nesquehonite by 90.3% and 84.7%, respectively, and also the amorphous content
decreased. In the BC system, the acids also resulted in the increase of unreacted raw materials
and decrease of carbonates and hydrates (crystalline or amorphous phases). In particular, the

presence of H2SO4 in BC samples consumed Ca(OH)2 and decreased the content of calcite.

From Figure 17, the incorporation of acids decreased the compressive strength of 1-d air cured
MC samples by approximately 37.8% due to its inhibitory effect on the hydrates formation.
For CO; cured samples, the addition of H>SO4 and HNOs led to 64.0% and 44.5% strength
reduction, respectively. This suggests that acids significantly inhibited the carbonation of MC,
especially for high-concentration H>SO4, which was in accordance with TGA and XRD results.
Conversely, the incorporation of H>SO4 and HNOj3 showed a negligible effect on the strength

reduction in the air cured BC system, but reduced the strength of CO; cured BC samples by
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40.8% and 39.8%, respectively. Hence, compared to the MC system, the BC system had a better

compatibility with acids. To ensure effective accelerated carbonation, desulphurisation and

acid gas neutralisation in the exhaust gas should be considered before employing this gas as a

flow-through CO> curing source for MC and BC systems.
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Figure 16. XRD diffractograms and Q-XRD analysis of 1-d 100% CO: cured pastes with
H>SO4 and HNOj3 addition: (a) XRD diffractograms of MC pastes with addition of acids; (b)
XRD diffractograms of BC pastes with addition of acids; (c) Q-XRD analysis of MC pastes
with addition of acids; (d) Q-XRD analysis of BC pastes with addition of acids.
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Figure 17. Compressive strengths of 1-d air and 100% CO; cured MC and BC samples with
addition of acids.

4. Conclusions

This study investigated the accelerated carbonation of low-carbon reactive MgO cement and
ordinary Portland cement blends under flow-through CO; gas conditions. The experimental
results showed that flow-through CO> curing at a relatively low concentration (simulated
industrial exhaust) effectively accelerated carbonation and enhanced compressive strength of
single MgO cement (MC) pastes and binary cement (BC) pastes. High relative humidity (98%)
was favourable for CO2 curing of the MC system due to the high water consumption of MC for
the generation and dissolution of Mg(OH),, whereas low humidity (50%) was an optimal
parameter for BC paste carbonation. The addition of Portland cement (PC) into the BC system
boosted early-term carbonation rate due to the rapid formation and dissolution of Ca(OH)s.
Despite the lower carbonation rate at 10% CO: concentration, the carbonation degree and
compressive strength of 7-d 10% CO- cured samples were comparable to the values obtained
for 1-d 100% CO, cured samples. Nevertheless, the presence of acids replicating the acid gases

in industrial exhausts had inhibitory effects on the carbonation and hydration of MC pastes. By

29



532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

comparison, the PC included in the BC system have a better compatibility with SO4> and partly
relieved the inhibitory effect. In future studies, the effect of NO and SO; from the exhaust gas
on the carbonation and hydration of cement-based materials should be further evaluated, and
the flow-through curing system should be optimised to enhance the recovery rate of CO; from
the exhaust gas. Overall, this study demonstrated that low-carbon MgO-based cement can be a
promising material for sequestering and utilising CO> from industrial exhausts to promote the

development of negative-emission technologies.
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Supplementary Information

Calculation of H2SO4 and HNO3 dosage in MC and BC pastes

Based on our field investigation, the typical CO2, SO, and NO> concentrations in thermal
power plant exhaust are 7-12%, 3500-4500 mg Nm™, and 400-600 mg Nm~, respectively. In
this study, we assumed that CO2, SO2, and NO> concentrations from the thermal power plant
are 10%, 4000 mg Nm™, and 500 mg Nm™, respectively; these SOz and NO2 concentrations

are equivalent to 0.14% and 0.024 % in the exhaust, respectively.

According to TGA results, the COz absorption extent is 4% in the MC paste (CO:
concentration of 100%, humidity of 98%). The reaction between acid gas and alkaline paste is
a diffusion-controlled reaction. Here, we assume that diffusion rates of acid gas are the same
as the rate of diffusion of CO> gas. Thus, the absorption extent of acid gas depends on the
concentration of acid gas in the exhaust.

We can calculate the dosage of H2SO4 and HNO3 as follows:

0.14 98
Mpyzs04 = 4% 10 X 1 X 100% = 0.125% g
0.024 63

Therefore, H2SO4 (0.125 wt% of paste) and HNO3 (0.0137 wt% of paste) are added in the

specified mixtures, respectively.
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Figure S3. Thermodynamic reactions of the family of magnesium oxides/carbonates (Wang et
al., 2016). Copyright Elsevier.
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