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a b s t r a c t

Magnesium oxychloride cement (MOC) boards have the potential to offset carbon emissions through
carbon mineralization, a process whereby carbon dioxide (CO2) is converted to carbonate minerals.
Boards (0e15 years old) contained MOC phase 5 (21e50 wt%), brucite, primary (e.g., magnesite) and
secondary (hydromagnesite and chlorartinite) carbonate minerals. Quantitative mineralogy, electron
microscopy and carbon abundance data demonstrate that secondary carbonates form through the re-
actions of MOC and brucite with CO2 within interfacial water layers after board manufacturing. Stable
carbon isotopic data confirmed the source of sequestered CO2 as being from the atmosphere. Average
carbonation rates were approximately 0.07 kg CO2/m2 board/year or 9.8 kg CO2/t board/year over 15
years, offsetting ~20e40% of estimated carbon emissions. In experiments using 10% and 100% CO2 gas,
carbonation was accelerated by approximately 400 and 1600 times in comparison to the passive rate.
Integration of carbonation reactions into MOC board production could provide significant carbon offsets.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Manufacturing of cement products accounts for approximately
5% of global greenhouse gas (GHG) emissions [1]. For this reason,
extensive research is ongoing to minimize GHG emissions in the
cement industry with carbon sequestration being one field of
investigation (e.g. [2,3]). Magnesium oxychloride cement (MOC) is
formed through the reaction of magnesium oxide (MgO) with
magnesium chloride (MgCl2) solution. The major commercial ap-
plications are in industrial flooring, fire protection, grinding
wheels, and wall panels [4]. MOC boards have some superior
properties compared with gypsum or fiber-based boards such as
greater fire resistance, lower thermal conductivity, improved
resistance to abrasion, and greater strength [5e8]. The versatility of
magnesium-based cement building materials has spurred consid-
erable research into product characterization and development
[8e15], including for improving MOC water resistance [16e18].
Reactive MgO is produced from calcining of magnesite (MgCO3) at
lower temperatures (e.g., <750 �C) than the sintering temperature
ower), gdipple@eoas.ubc.ca
of cement clinker of Portland cement (~1450 �C), thereby using less
fuel and emitting less GHGs [19,20]. Nevertheless, there are sub-
stantial carbon emissions associated with manufacture of all
cement-based products, and thus, opportunity to reduce those
emissions.

Carbon mineralization, also referred to as mineral carbonation,
involves storing CO2 as solid carbonate minerals, a process that is
being increasingly studied in the cement industry for reducing GHG
emissions and improving product quality [21e27]. In addition,
numerous studies have examined the effects of carbonation on the
physical and mechanical properties of cement-based construction
materials [2,28e34]. Sequestration of CO2 into cement acts as a
stable carbon sink and contributes to the development of sustain-
able “green” building products. Under ambient conditions, the
carbonation rate of conventional cement is relatively slow, yet over
its lifetime 7.6%e57% of the CO2 produced during the calcination
process may be offset [19]. It is estimated that 4.5 Gt of carbon has
been sequestered through carbonation of cement materials from
1930 to 2013, which accounts for 43% of the CO2 released from
calcination of carbonate rocks during this period. Regarding MOC
cement, there are documented cases of carbonation and volume
increases of polishing bricks and mortar [35,36], yet the carbon-
ation processes are not fully understood and it is not known towhat
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extent MOC building materials sequester CO2 during their lifespan.
In addition to sequestering CO2, carbonation of MOC may offer
other benefits including greater strength and toughness because of
denser microstructure andmicrohardness as has been documented
for Portland cement with added MgO [19,20,37].

The goals for this study were to: (1) identify mineral sinks for
atmospheric CO2, (2) elucidate carbonation processes, (3) deter-
mine the carbon sources to confirm their value as GHG offsets, (4)
estimate the passive rate of atmospheric CO2 sequestration in MOC
boards under ambient factory conditions, and (5) determine to
what extent carbonation of MOC boards can be accelerated using
CO2-rich gas. Starting materials (magnesium oxide and magnesium
chloride) and boards ranging from 0 to 15 years old were analyzed
in this study. Quantitative mineralogical analyses were used to
understand carbonation pathways and distinguish between pri-
mary carbonates that have formed through geologic processes and
secondary carbonates that have formed post-production, and are
therefore are of value as carbon offsets. To explore the potential for
accelerating carbonation, boards were incubated in carbonation
chambers containing CO2-rich gasses over several weeks. A
detailed understanding of MOC carbonation processes, including
identification of reactants and products and the corresponding
changes in microstructure will contribute to knowledge about the
carbonation mechanisms and thereby assist in ongoing technology
development efforts in the construction industry.

2. Analytical methods for characterization of materials and
boards

2.1. Sample cataloguing

MagO Building Products Ltd., a distributor of MOC boards, pro-
vided starting materials and MOC boards of known ages from
manufacturers. These samples included nine boards of between
0 and 15 years old, three magnesium oxide powders, magnesium
chloride salt, and magnesium chloride brine (Table 1). All boards
were obtained from Chinesemanufacturers except for board#8 that
was obtained from a Florida manufacturer. Variations in the initial
board compositions and structures as well as storage conditions
were expected to have influenced the rate and extent of carbon-
ation. Board dimensions andmasseswere recorded for determining
board density and normalizing carbon content to board surface
area and mass. Samples were generally 10e15 cm in length and
width and 0.55e1.50 cm in thickness.

2.2. X-ray diffraction methods

X-ray diffraction (XRD) methods are useful for characterizing
cement building materials and quantifying their mineralogical
compositions [38e40]. Mineral phases in MgO powders and MOC
boards were identified using powder XRD. Samples were ground in
a mortar and pestle with subsamples being pulverized under
anhydrous ethanol for 3 min using a McCrone micronizing mill and
agate grinding elements. A 10 wt% internal standard of annealed
CaF2 was added to quantify amorphous content, which is an
important component of cement [41]. Micronized samples were
dried at room temperature for ~24 h and gently disaggregated with
an agate mortar and pestle. Powder mounts were prepared in back-
loaded cavity mounts against rough, frosted glass to minimize
preferred orientation [42]. All XRD data were collected using a
Bruker D8 Focus Bragg-Brentano diffractometer with a step size of
0.04� over a range of 3e80� 2q at 0.7 s/step. Fe monochromator foil,
0.6 mm divergence slit, incident and diffracted beam soller slits,
and a Lynx Eye positive sensitive detector were used. A long fine
focus Co X-ray tube was operated at 35 kV and 40 mA using a take-
off angle of 6�. Search-match software by Bruker (DIFFRACplus EVA
14) was used for phase identification [43]. Quantitative phase
analysis was conducted using Rietveld refinement of XRD data,
which provides a measure of the weight-percent (wt%) contribu-
tion of each mineral in a sample. Crystal structure data for Rietveld
refinement were obtained from the International Centre for
Diffraction Data PDF-4þ 2010. Rietveld refinement was completed
using Topas Version 3 software [44].

2.3. Percent carbon and geochemical analyses

The percent carbon (%C) of the solid samples was determined
using a Model CM501C4 CO2 Coulometer from UIC Inc. Calcium
carbonate standards were analyzed to ensure instrument calibra-
tion. This method is accurate to within ±0.05% by mass and has a
detection limit of 0.10% C. Aliquots of known mass of the magne-
sium chloride were dissolved in deionized water and the magne-
sium chloride brine was diluted. These samples were analyzed for
their anion and cation compositions using ion chromatography and
inductively coupled plasmae optical emission spectroscopy by ALS
Environmental in Burnaby, British Columbia, respectively.

2.4. Stable isotope analyses

Aliquots of ground boards and MgO powders were placed in
Labco exetainers and acidified using 85% phosphoric acid (H3PO4).
Sample vials were sealed and heated to 72 �C for 1 h prior to
analysis. The CO2 generated from the acidification of carbonate
minerals was passed through an ethanol-dry ice cold trap and
drawn into a Los Gatos Research (LGR®) off-axis integrated cavity
output laser spectrometer [45]. The LGR® analyzer measures the
absorption spectra of 12C16O16O, 13C16O16O, and 12C16O18O in the
near-infrared wavelength spectrum. The stable carbon and oxygen
isotope values are reported in the conventional d notation in permil
(‰) relative to Vienna Pee Dee Belemnite (VPDB) and Vienna
Standard Mean Ocean Water (VSMOW), respectively (Eq. (1)).

d13Csample ¼ [(13C/12Csample � 13C/12Cstd)/(13C/12Cstd)] � 1000 in per
mil (‰) (1)

In-house gas and mineral standards were used to correct for
instrument drift and for two-point normalization to VSMOW and
VPDB. One standard deviation uncertainties based on repeated
measurement of a calcite standard, measured on the same day as
the unknowns, were 0.2‰ and 0.3‰ for d13C and d18O, respectively.
The d18O values of Mg-carbonate sediments were corrected for
reaction with phosphoric acid using the fractionation values from
Das Sharma et al. [46]. The fractionation factor for magnesite was
used as a proxy for hydrated Mg-carbonate minerals.

2.5. Scanning electron microscopy

Board samples were split using a razor blade to expose a cross-
section for imaging. Scanning electron microscopy (SEM) was
performed at the Centre for High-Throughput Phenogenomics at
The University of British Columbia. Samples were coated with 8 nm
of iridium using a Leica EM MED020 coating system and imaged
using a FEI Helios NanoLab 650 operating at 1.0 kV voltage.

3. Experimental methods for accelerating carbonation

Two sets of experiments were conducted to determine MOC
carbonation rates using CO2-rich gases under controlled tempera-
ture and relative humidity. In the first experiment, six boards were
selected for accelerated carbonationwith initial carbon abundances



Table 1
MOC boards and starting materials.

Board sample name Age (years) Thickness (cm) Density (g/cm3)b Avg. Bulk %C (n ¼ 3)

Board#1 3 1.2 1.20 2.21 ± 0.15
Board#2a 5.3 1.6 1.25 2.68 ± 0.03
Board#3a 6.8 0.9 1.00 2.41 ± 0.06
Board#4a 15.0 0.55 1.26 4.70 ± 0.10
Surface subsample 7.19
Surface subsample 7.42

Board#5 15.0 0.55 1.24 4.24 ± 0.06
Surface subsample 7.37
Surface subsample 7.26

Board#6 4 0.8 0.98 2.99 ± 0.01
Board#7a 1.5 0.8 1.10 1.04 ± 0.50
Board#8a 5 1.5 1.18 2.91 ± 0.74
Board#9a 0 1.5 1.13 1.13 ± 0.19

Starting material name Density (g/mL) Bulk %C

MgO#1 n/a 0.59 ± 0.04
MgO#2 n/a 0.51 ± 0.06
MgO#3 n/a 1.04 ± 0.27
MgCl salt n/a <0.01
MgCl brine 1.29 n/a

a Indicates that board was used in carbonation experiments.
b Densities were determined by board dimensions and masses, and therefore include porosity.
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ranging from ~1 to 5 wt% and ages from 0 to 15 years old (Table 1).
Small board pieces (10 � ~1e2 cm3 of each board) were placed in a
chamber (~4 L) that was supplied with 100% CO2 gas and flushed
with a minimum of five volumes. The chamber was kept at 100%
relative humidity and was flushed with CO2 at each sampling time.
pH of the water in contact with the boards was measured using
mColorpHast™ narrow range pH strips (EMD Millipore). Boards
were collected over 28 days, dried at room temperature, triple-
bagged to prevent exposure to the atmosphere, and placed in a
desiccator. The conditions for this experiment were expected to be
excessive, yet they represent the anticipated upper limit for
accelerating the rate of carbonation.

In the second experiment, board#9 (0 years old) was reacted
with 10% CO2 at 35% relative humidity for one week and 59%
relative humidity for another six weeks. Control boards were kept
at the same conditions except under atmospheric CO2. Duplicate
boards were weighed on a regular basis to monitor carbonate
precipitation. Board samples from both experiments were analyzed
for percent inorganic carbon and those collected upon completion
of each experiment were imaged using SEMwith mineralogy being
determined by XRD.

4. Results and discussion

4.1. Characterization of starting materials

Chemical analyses of the magnesium chloride solid and brine
determined that these materials were 98% and 96% pure, respec-
tively, and contained <0.01 %C (Table 1). Accordingly, these starting
materials do not contribute significant amounts of either impurities
or carbon to MOC boards during manufacturing. The dominant
mineral in the MgO samples was predictably periclase (69e86 wt%;
Table 2); however, MgO samples varied in mineralogical composi-
tion and contained primary carbonate minerals including magne-
site (up to 12.8 wt%), dolomite (up to 1.3 wt%) and calcite (up to
1.4 wt%). All relevant mineral formulae are listed in Table 3 and
representative X-ray diffraction patterns with Rietveld refinement
for MgO powders and MOC boards are available in the Supple-
mentary data. Primary carbonateminerals are defined as those that
have formed through geologic processes and are present in the
MOC boards as impurities, whereas secondary carbonate minerals
have formed after manufacturing. Furthermore, rates of magnesite
and dolomite precipitation are exceedingly slow at Earth's surface
conditions [47,48], and therefore would not be expected to form in
the MOC boards over 15 years. The presence of primary carbonate
minerals in the MgO powders clearly indicates that calcinationwas
incomplete. Carbonate and silicate (e.g., talc and quartz) minerals
are not likely to react during manufacturing and will be present in
the boards as impurities. MgO samples contained ~0.5e1.0 %C,
which is mainly attributed to primary carbonate minerals except in
the case of MgO#3. Although MgO#3 contained the highest
abundance of periclase (86 wt%) and no detectable magnesite, it
also contained the highest amounts of amorphous material and
inorganic carbon (1.0 %C) of the three MgO samples. The relatively
high carbon abundance in comparison to other MgO samples in-
dicates partial reaction with atmospheric CO2 to form secondary
carbonate. A broad peak at 21� 2q is indicative of a nanocrystalline
hydrated Mg-carbonate phase (Fig. S3 in the Supplementary data).
However, primary carbonate minerals are often highly crystalline
and readily quantified by using XRD data with Rietveld re-
finements, which allowed for their quantification, and hence the
inorganic carbon contained within these minerals.

4.2. Passive carbonation of MOC boards

Surface samples of boards#4 and #5 had much greater abun-
dances of inorganic carbon (up to 7.4 wt%) in comparison to the
corresponding bulk boards (Table 1). These data indicate that there
is a gradient in carbon abundance from surface towards the middle
of the board, which is likely caused by reaction of atmospheric CO2
with the exposed board surface. Based on board dimensions,
mineral abundances and densities, boards had an average porosity
of 46% with pores of up to 0.5 mm in diameter (Fig. 1A). This high
porosity would facilitate exposure of MOC to CO2 in the
atmosphere.

The characteristic crystal morphology of MOC phase 5 is of
interlocking needle-like crystals (Fig. 1B). There is a clear associa-
tion between MOC and carbonate minerals within the boards,
which is seen more commonly in older boards. Platy minerals were
found in association with MOC crystals (Fig. 1C) and some pore
surfaces within the 15-year-old boards were coated with flakey
minerals, a morphology common of hydromagnesite [49] (Fig. 1D).
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Although rare, elongated crystals resembling nesquehonite were
observed on a pore surface (Fig. 1E-F) [49]. Observations made by
SEM strongly indicate that exposed MOC cement surfaces become
carbonated through the reaction with atmospheric CO2.

Based on XRD data, all boards contained magnesium oxy-
chloride phase 5, which is the preferred form of MOC [6,50]
(Table 2). The abundances of MOC phase 5 (21e47 wt%) and bru-
cite (6e28 wt%) varied considerably and generally decreased with
board age (Fig. 2A). The initial abundance of MOC and brucite
partially depends on the molar ratio of MgO to MgCl2 used to
produce the MOC with excess MgO hydrolyzing to form brucite [7].
Boards contained minor abundances of silicate minerals (e.g.,
quartz and talc) that were also present in two of the MgO powders.
Clearly, any unreactive impurities found in MgO powders are car-
ried over to the MOC boards during manufacturing. Importantly,
boards contained both primary and secondary carbonate minerals.
Because chlorartinite and hydromagnesite are not found in the
MgO powders, it is certain that these minerals formed after board
manufacturing. Nesquehonite, another hydrated Mg-carbonate
mineral, was only detected in board#4. In general, there were
correlations of decreasing brucite and MOC phase 5 abundances
with increasing total secondary Mg-carbonate (Fig. 2B). These
correlations indicate that both MOC phase 5 and brucite become
carbonated over time. Boards also contained 18 to 47 wt% amor-
phous content that cannot be identified by XRD. These phases may
include nanocrystalline or X-ray amorphous MOC, brucite, and
secondary carbonate minerals and would certainly include non-
mineral phases such as cellulose, which are added to MOC during
board manufacturing.

4.3. Identifying CO2 sources

Isotope analyses independently confirmed the sources of inor-
ganic carbon in the MgO powders and MOC boards [51,52]. Stable
carbon and oxygen compositions of MgO#1 and #2were consistent
with primary carbonate minerals that were detected by XRD
(Fig. 3A) [51]. In contrast, MgO#3 was depleted in 13C relative to a
carbon isotopic composition expected of primary carbonate [51].
This depletion in 13C corroborates XRD and %C data indicating
amorphous secondary carbonate was present in MgO#3.

To determine the isotopic compositions of secondary carbonate
minerals contained in the MOC boards, the bulk isotopic values
were corrected using a weighted average based on the abundances
of primary and secondary carbonate and assuming primary car-
bonate in the boards had isotopic values equal to those of MgO#1
and #2. The d13C and d18O values of the secondary carbonate within
Table 2A
Average (n ¼ 2) mineral abundances of MOC boards and starting materials as determined
“n.d.”

MOC boards Sample Age (years) MOC
phase 5

Periclase Brucite

Board#1 3 32.1 0.3 12.0
Board#2 5.3 28.0 1.2 23.6
Board#3 6.8 23.3 0.8 18.7
Board#4 15 21.6 0.2 5.5
Board#5 15 22.3 0.2 6.7
Board#6 4 20.9 0.2 5.6
Board#7 1.5 47.4 0.6 6.2
Board#8 5 23.5 n.d. 17.9
Board#9 0 36.2 1.1 28.1
Carbonated Board#9 0 24.6 0.8 23.3
Magnesium oxides
MgO#1 n/a n.d. 68.6 n.d.
MgO#2 n/a n.d. 80.0 n.d.
MgO#3 n/a n.d. 85.7 n.d.
the boards ranged from approximately �24‰ to �10‰ VPDB and
16‰e18‰ VSMOW, respectively (Fig. 3A).

Atmospheric CO2(g) has a d13C value of approximately �8‰ and
the equilibrium fractionation between CO2(g) and HCO3

�, often the
dominant DIC species in waters, is þ7.9‰ at 25 �C [53]. The equi-
librium stable carbon isotope fractionation factor between either
hydromagnesite or chlorartinite and HCO3

� has not been deter-
mined. However, Wilson et al. [54] estimated a fractionation factor
for dypingite and HCO3

� of 3.8 ± 1.3‰ at 25 �C. Based on this frac-
tionation factor, hydrated Mg-carbonate minerals precipitated in
equilibrium with atmospheric CO2 would be expected to have d13C
values near 3.8‰ (Fig. 3A). Rather, d13C values of secondary car-
bonates in the boards range from�24‰ to�10‰. Non-equilibrium
fractionation of stable isotopes is common in carbonate minerals
formed from high pH solutions, such as those in contact with
concrete waste [52]. As an example, O'Neil and Barnes [55] pre-
dicted that a kinetic isotope effect of approximately �11.2‰ would
occur during the diffusion of gaseous CO2 into alkaline, Ca2þeOH-

water. Hydroxylation of aqueous CO2 is a dominate process at high
pH values (>11.5) that would be expected of water in contact with
MOC and brucite [52,56]. Thus, a kinetic fractionation effect likely
explains the highly depleted 13C values of the secondary Mg-
carbonates in the MOC boards (Fig. 3A). Additionally, d13C values
of the secondary carbonate correlated with the abundance of sec-
ondary CO2 contained in the boards (Fig. 3B), further indicating a
connection between the isotope data and sequestration of atmo-
spheric CO2. d18O values of the secondary carbonate in the boards
were relatively constant and consistent with meteoritic water as
would be expected given that the only available source of water
was atmospheric moisture.
4.4. Carbonation processes

Hydrated Mg-carbonate minerals are known to form at Earth's
surface conditions [49,57e59] and there are documented cases of
these minerals including chlorartinite being associated with MOC
[60] suggesting these building materials are susceptible to
carbonation. Formation of Mg-carbonate minerals requires an
alkaline pH, and sources of Mg2þ and inorganic carbon. These
conditions are likely met in the interfacial water layers on MOC
surfaces exposed to atmospheric CO2 (Fig. 4). Dissolution of MOC
phase 5 and brucite in interfacial water layers would release Mg2þ,
OH� and Cl� creating a highly alkaline Mg-rich chemical environ-
ment (Eqs. (2) and (3)).
by Rietveld refinement of XRD data. Minerals not detected by XRD are indicated by

Quartz Talc Clinochlore Anhydrite Amorphous

1.6 1.8 n.d. n.d. 44.0
1.3 0.6 n.d. n.d. 29.4
2.1 2.1 n.d. n.d. 35.8
0.3 n.d. n.d. n.d. 41.7
0.4 0.3 n.d. n.d. 47.3
1.4 1.3 n.d. n.d. 37.7
1.9 1.8 n.d. n.d. 25.1
1.2 1.0 n.d. n.d. 22.7
1.6 1.8 2.4 n.d. 17.7
1.4 1.4 1.7 n.d. 32.8

1.1 3.8 0.3 n.d. 10.7
2.3 1.3 n.d. n.d. 3.0
n.d. n.d. n.d. 0.3 13.2



Table 2B
Average (n ¼ 2) mineral abundances of MOC boards and starting materials as determined by Rietveld refinement of XRD data. Minerals not detected by XRD are indicated by
“n.d.”

MOC boards Sample Primary carbonate Secondary carbonate Total

Magnesite Calcite Dolomite Chlorartinite Hydromagnesite Nesquehonite

Board#1 4.5 0.5 2.3 0.8 n.d. n.d. 100
Board#2 3.1 1.2 10.3 1.2 n.d. n.d. 100
Board#3 5.7 0.9 2.3 8.4 n.d. n.d. 100
Board#4 4.3 n.d. n.d. 6.8 18.9 0.7 100
Board#5 3.9 n.d. n.d. 4.4 14.5 n.d. 100
Board#6 5.4 1.6 0.5 24.8 0.6 n.d. 100
Board#7 4.4 0.9 n.d. 2.9 8.6 n.d. 100
Board#8 3.7 0.5 n.d. 10.7 18.9 n.d. 100
Board#9 5.3 1.0 4.1 0.7 0.0 n.d. 100
Carbonated Board#9 5.1 1.1 4.4 3.4 n.d. n.d. 100
Magnesium oxide
MgO#1 12.8 1.4 1.3 n.d. n.d. n.d. 100
MgO#2 11.4 1.4 0.6 n.d. n.d. n.d. 100
MgO#3 n.d. 0.8 n.d. n.d. n.d. n.d. 100
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5 Mg(OH)2$MgCl2$8H2O þ H2O / 6Mg2þ þ 10OH�

þ 2Cl- þ 9H2O (2)

Mg(OH)2 / Mg2þ þ 2OH� (3)

MOC dissolution also releases chlorine that can cause MOC
building materials to become corrosive [61]. Dissolution of a few
monolayers of a mineral can result in the interfacial water layer
becoming supersaturated with respect to other minerals, including
carbonates [62]. Although direct measurement of the pH in the
interfacial water layer is not possible, a slurry of groundMOC board
and deionized-distilled water had a pH of 9.5. A high pH facilitates
absorption of atmospheric CO2 (Eq. (4)) and carbonate
precipitation.

Atmospheric
CO2(g) 4 CO2(aq) þ H2O 4 H2CO3 4 Hþ þ HCO3

� 4 Hþ þ CO3
2-(4)

The combination of these processes can drive the precipitation
of Mg-carbonate minerals such as chlorartinite (Eq. (5)), which over
time can result in significant sequestration of atmospheric CO2
within MOC building materials.

2Mg2þ þ CO3
2- þ OH� þ Cl� þ 3H2O / Mg2(CO3)Cl(OH)$3(H2O)(5)

Mg-carbonate minerals were observed on pore surfaces indi-
cating a surface-controlled reaction (Fig. 1D-F) and the isotope data
that identified an atmospheric CO2 source and meteoric water
supply are consistent with Mg-carbonate precipitation within
interfacial water layers.

The hydromagnesite detected within the MOC boards may not
be the initial precipitate as this mineral is kinetically inhibited at
Table 3
Formulae and percent carbon values for relevant minerals.

Mineral name Formula

Periclase MgO
Magnesium oxychloride (phase 5) 5 Mg(OH)2$
Brucite Mg(OH)2
Nesquehonite MgCO3$3H2

Chlorartinite Mg2(CO3)Cl
Hydromagnesite Mg5(CO3)4(O
Dypingite Mg5(CO3)4(O
Magnesite MgCO3

Dolomite CaMg(CO3)2
Calcite CaCO3
Earth's surface temperatures [47,58]. Hydrated Mg-carbonate
minerals readily transform under ambient conditions [63]. For
instance, chlorartinite and artinite are likely precursors to the for-
mation of nesquehonite [58,59], which will transform to hydro-
magnesite, often through an intermediary phase such as dypingite.
Presumably, hydromagnesite is forming after chlorartinite, as it is a
more stable phase, and although no clear correlation exists, some of
the older boards do contain some of the highest amounts of
hydromagnesite. Although all hydrated Mg-carbonate minerals are
metastable, hydromagnesite is likely to be stable for 1000s of years
at Earth's surface conditions [49,64]. This level of stability is
important for the long-term storage of CO2.
4.5. Rates of passive carbonation

MOC boards contained ~1 to 5 wt% total inorganic carbon with
increasing amounts generally correlating with older boards
(Table 1). The mass of CO2 from secondary carbonates (mCO2)

normalized to board area (kg CO2/m2) was calculated as follows (Eq. (6)):

mCO2
per board area ¼

�
%Ctotal � %Cpc

�

100
� MCO2

MC
� r � V

(6)

where %Ctotal is the total inorganic carbon contents of the boards
and %Cpc is the inorganic carbon attributed to primary carbonate
minerals, which was calculated based on the mineral abundances
of magnesite, dolomite and calcite within each board (Table 2).
MCO2

and MC are the molar masses of carbon dioxide and carbon,
respectively. The density (kg/m3) and board volume per square
meter of board (m3/m2) are denoted by r and V, respectively.
Ideal weight percent carbon

0
MgCl2$8H2O 0

0
O 8.68
(OH)$3(H2O) 5.58
H)2$4H2O 10.27
H)2$5H2O 9.89

14.25
13.03
12.00



Fig. 2. Plots of MOC phase 5 þ brucite abundance versus board age (A) and secondary Mg-carbonate abundance (chlorartinite þ hydromagnesite þ nesquehonite; B). Dark and light
symbols represent duplicate XRD analyses.

Fig. 1. Representative scanning electron micrographs of 15-year-old MOC board (boards #4 and #5). A: Low magnification micrograph showing board porosity as well as the fiber
mesh (top right corner) and cellulose (arrows) that are incorporated into the boards. B: Interlocking needle-like crystals of MOC phase 5. C: Platy mineral (arrows; hydromagnesite?)
associated with MOC phase 5 crystals. D: Pore surface showing a coating of Mg-carbonate spreading from a central point. E: Edge of a pore (arrows) coated with carbonate. F: High-
resolution micrograph of pore edge (E) showing nesquehonite on MOC.
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Fig. 3. Stable carbon and oxygen compositions of carbonate minerals in MOC boards (circles) and MgO powders (squares; A). Note the MgO powder within the atmospheric field
was MgO#3 that had significant secondary carbonate precipitation and the MOC board within the bedrock field is board#9 (0 years old) that had very little measurable secondary
carbonate. d13C values of MOC boards versus percent CO2 from secondary carbonate (B). One standard deviation of the analyses in the isotope values are approximately the size of
the symbols.
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Importantly, the board ‘density’ includes porosity as opposed to the
density of the solid material. Calculation of CO2 sequestration per
board area in this manner accounts for differences in board thick-
ness and density, which allows for better comparison amongst the
boards. The rate of carbonation was non-linear, appearing to slow
in later years. Based on the 15-year-old boards, an average
carbonation rate of 0.07 kg CO2/m2 board/year would be expected
with faster rates earlier in the board's lifespan (Fig. 5A). Board#8 (5
years old) had a notably higher amount of sequestered CO2 on a per
area basis (1.7 kg CO2/m2) in comparison to other boards of similar
age (Fig. 5A). This board was obtained from a different manufac-
turer then the other boards and may have experienced different
storage conditions, such as greater humidity that can increase the
rate of carbonation as was demonstrated in experiments in this
study.

CO2 sequestration within the boards was also calculated as a
mass of CO2 per board mass according to Equation (7):

mCO2
per board mass ¼

�
%Ctotal � %Cpc

�

100
� MCO2

MC
(7)

The CO2 mass fraction was converted to units of kg CO2/t board
and the average rate of CO2 sequestration over 15 years was 9.8 kg/t
board/year (Fig. 5B).
Fig. 4. Conceptual diagram illustrating stages of MOC carbonation: (1) water layer
formation and CO2 dissolution, (2) CO2 hydration, (3) MOC dissolution and pH buff-
ering in the interfacial water layer, and (4) precipitation of secondary Mg-carbonate,
e.g., chlorartinite.
4.6. Carbon offsets

A full life cycle analysis of the carbon budget of MOC board
manufacturing is beyond the scope of this study; however, the
carbon emissions can be estimated by calculating the quantity of
MgO used to manufacture the boards and approximating the
emissions from energy use. Board composition, density, and
thickness are key factors in determining the carbon emissions per
square meter of board. As examples, the relatively unaltered
board#7 (1.5 years old; 0.8 cm thickness; 1.10 g/cm3 density) and
board#9 (0 years old; 1.5 cm thickness; 1.13 g/cm3 density) con-
tained 47% and 36% MOC phase 5 and 6% and 28% brucite, respec-
tively (Table 2A). Boards #7 and #9 also contained unreacted MgO
at 0.6% and 1.1%, respectively. The moles of CO2 released from the
calcination of MgCO3 are equal to the moles of MgO used to
manufacture the boards (Eq. (8)), which is the sum of the unreacted
MgO and that needed for the formation of MOC phase 5 (Eq. (9))
and brucite (Eq. (10)).
MgCO3 / MgO þ CO2 (8)

5MgO þ MgCl2 þ 13H2O / 5 Mg(OH)2$MgCl2$8H2O (9)

MgO þ H2O / Mg(OH)2 (10)

The emissions from calcination of MgCO3 for boards #7 and #9
were calculated to be 2 and 6 kg CO2/m2 board or 250 and 370 kg
CO2/t board, respectively. Note that board#9 is nearly twice as thick
as board#7. These emissions could be reduced by minimizing
excess MgO that hydrolyzes to form brucite (e.g., 28 wt% in
board#9), which does not contribute to cement strength as it is
ineffective as a binder [37].

The calcination of CaCO3 to form CaO accounts for approxi-
mately half of the carbon emissions for Portland cement with en-
ergy use accounting for the other half (total z 0.81 kg CO2/kg
cement) [65]. However, the temperature for calcining magnesite is
approximately half the temperature required for calcining cement
clinker (i.e., 750 versus 1450 �C) [19]. Assuming a linear relation-
ship between temperature and carbon emissions, energy use may
account for an additional 50% of emissions for manufacturing MOC
boards. This is only an approximation and would depend on
numerous factors including the type of energy used and calcination
efficiency. Based on these assumptions, total CO2 emissions would
be in the range of approximately 375e555 kg CO2/t board for
boards #7 and #9. At the rate of passive carbonation (9.8 kg CO2/t
board/year), ~20e40% of the emissions from MOC board
manufacturing would be sequestered via in situ carbonation over
15 years. These data are consistent with the carbon offsets that may
be achieved from carbonation of Portland cement [27,66]. Further
offsets may be achievable through passive reaction of the disposed
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waste cement [52,67]. These estimations indicate that substantial
carbon offsets can be achieved during the lifetime ofMOC products;
however, a more detailed accounting of the GHG emissions is
necessary.

4.7. Accelerating carbonation of MOC boards

Carbonation of MOC boards using CO2-rich gasses is an active
and faster approach to carbon sequestration in comparison to the
passive reactions with atmospheric CO2 [68]. MOC boards could be
cured or stored under a high CO2 atmosphere, although the later
may be preferred as there would be less likelihood of carbonation
interfering with the internal cement microstructure. Ideally, CO2
from the calcination process would be utilized to achieve an im-
mediate partial GHG offset. The key parameters affecting carbon-
ation rate of MOC are the temperature that directly affects reaction
kinetics, relative humidity as water is both a medium for chemical
reactions and component of hydrated Mg-carbonate minerals, and
CO2 concentration in the gas phase [19,20]. Modifying these pa-
rameters may also affect the resulting mineralogy of the carbonate
phases [20,58].

In the carbonation chamber at 100% relative humidity and CO2,
boards were visibly wet with excess water present as droplets on
board surfaces. The pH of this water was consistently 7.3 ± 0.2
demonstrating that MOC can buffer the ingress of high concen-
trations of CO2. After the first week, carbonate crusts were observed
on board surfaces. Exposure to elevated CO2 caused rapid increases
in carbon abundance in the first week followed by gradual in-
creases (Fig. 5C). Rietveld refinement of XRD patterns of these
carbonated boards was not possible because of the high abun-
dances of poorly crystalline hydromagnesite, making quantification
Fig. 5. Plots of secondary carbonate CO2 mass per board area (A) and per tonne board (B) ver
carbon analyses. In some cases, error bars are smaller than symbols. Plots of secondary carbo
that a similar amount of CO2 (~1 kg CO2/m2) is sequestered in 6 weeks using 10% CO2 gas
inaccurate. However, changes in peak heights in diffraction pat-
terns clearly show relative decreases in MOC phase 5 and brucite
abundances accompanied by increases in hydromagnesite and
nesquehonite, whereas changes in chlorartinite abundance were
variable. These trends are similar to the mineralogical changes
documented in the boards exposed to atmospheric CO2 (Fig. 2B).
Platy carbonate minerals, likely hydromagnesite, were found in
close association with MOC phase 5 (Fig. 6A). Carbonate pre-
cipitates were extensive and were observed to coat and infill board
pores (Fig. 6A-D).

In the 10% CO2 carbonation experiment using board#9 (0 years
old), there was negligible carbonation during the first week at 35%
relative humidity (Fig. 5D). Increasing humidity to 59% caused a
substantial increase in carbonation rate. CO2 sequestered per board
area steadily increased before stabilizing at week 6 (Fig. 5D). The
mineralogical composition of the controls remained unchanged,
yet the carbonated samples experienced decreases in MOC phase 5
and brucite with increases in chlorartinite and amorphous content
(Table 2). Carbonate mineral precipitates that appeared to be
amorphous carbonate and chlorartinite (Fig. 6E-F) were seen on
pore surfaces along with microfractures.

In both experiments, the extent of carbonation appears to sta-
bilize after a certain period; 1e2 weeks in the 100% CO2 experiment
and 6 weeks in the 10% CO2 experiment (Fig. 5C-D). As noted with
the older boards (Fig. 5A), carbonation of MOC with atmospheric
CO2 also appears to stabilize over a period of a decade or more. This
stabilization in carbon content is likely caused by pore surfaces
becoming passivated by carbonate minerals (Figs. 1 and 6) that
slows or halts carbonation reactions [69].

With the exception of the 15-year-old board (board#4), the
average carbonation rate in the 100% CO2 experiment during the
sus board age in years. Error bars are the standard deviations based on triplicate percent
nate CO2 mass per board area in experiments using 100% CO2 (C) and 10% CO2 (D). Note
(D) as is sequestered in 15 years through carbonation with atmospheric CO2 (A).



Fig. 6. Representative scanning electron micrographs of MOC boards from the carbonation experiments using 100% CO2 (A through D) and 10% CO2 (E and F). A: Flakey Mg-
carbonate forming in association with MOC phase 5. B: Pore surface showing areas of distinct carbonation (arrows). C: Large fan of nesquehonite likely causing surface passiv-
ation. D: Large pore (~100 mm) that has been split open showing complete infilling by nesquehonite. E: Pore surface in MOC board showing carbonate crusts (arrows) and cracking.
F: High magnification view (rectangle in E) of chlorartinite on pore surface.
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first 3 days was 110 ± 30 kg CO2/m2/yr. Board#9 was carbonated at
a rate of 30 kg CO2/m2/yr during the first week using 10% CO2. These
rates are approximately 1600 and 400 times faster than the passive
rate of 0.07 kg CO2/m2/yr. These accelerated carbonation rates
would sequester an equivalent amount of CO2 in days to weeks that
otherwise would require years of passive carbonation, thereby
providing an immediate and easily verifiable GHG benefit.

The physical properties (e.g., strength and volume) of MOC may
be affected by either passive or accelerated carbonation [35,36]. The
extent of accelerated carbonation would need to be balanced with
maintaining acceptable product quality, which will depend on the
specific requirements of a given product. In the case of MOC wall-
boards, their strength typically exceeds that of gypsum or fiber
boards and they are not used for structural purposes. Therefore,
some loss of strength may be acceptable to reduce GHG emissions.
Nevertheless, carbonation of MgO cement-based formulations may
increase strength with decreasing pore volume and carbonate
minerals acting as additional binder [20,37]. As demonstrated in
this study, carbonation rates can be varied substantially by modi-
fying CO2 concentration and relative humidity, which demonstrates
that carbonation of MOC building materials can be controlled to
maintain acceptable product quality while achieving some GHG
offset. Furthermore, accelerated carbonation of MOC would be
helpful in preventing future changes to its physical properties. For
example, MOC building materials could be carbonated using CO2-
rich gas to sequester the same amount of CO2 that would be
captured over its lifetime due to passive carbonation. Because
carbonation becomes limited by the passivation of surfaces over
time, active carbonation would effectively stabilize the MOC
building material. Any strength or volume changes would be
anticipated through testing at themanufacturing facility. Moreover,
the susceptibility of MOC to deteriorate when exposed to water
may be limited due to carbonate precipitation on cement surfaces
as it is anticipated that the solubility of carbonate minerals is less
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than that of MOC.

5. Conclusions and implications

MOC boards offer some superior properties in comparison to
gypsum or fiber-based boards and act as sinks for atmospheric CO2.
Quantitative XRD data clearly demonstrate that decreases in MOC
phase 5 and brucite abundances over time are accompanied by
increases in hydromagnesite and chlorartinite as well as inorganic
carbon content. Electronmicroscopy and isotopic data demonstrate
that carbonation reactions likely occur within the interfacial water
layers onmineral surfaces within the boards. For carbon accounting
purposes, it was crucial to distinguish between carbon contained in
primary versus secondary carbonate minerals, as the later have
value as a GHG offset. Furthermore, stable carbon isotopic analysis
acted as an independent tool for verifying the sequestration of at-
mospheric CO2. Rates of passive carbonation over 15 years were
approximately 0.07 kg CO2/m2 board/year or 9.8 kg CO2/t board/
year. A preliminary accounting of the carbon emissions from
calcination and energy use indicates that approximately 20e40% of
these emissions may be offset due to passive carbonation over a 15-
year period. Carbonation of MOC boards by exposure to CO2-rich
gases after manufacturing accelerates carbon sequestration from
years to days, thereby providing an immediate and easily verifiable
carbon offset. Further research is needed to assess the effects of
accelerated carbonation on the physical board properties and
determine if there is an optimal level of carbonation that provides a
meaningful reduction in GHG emissions while producing an
acceptable product.
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