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Abstract Mineral carbonation is a promising CO,
sequestration strategy that offers a long-lasting and envi-
ronmentally safe solution. In this study, the effect of pH,
salinity and particle size in the mineral carbonation process
was investigated. Ultramafic-mafic rock samples were
collected from different ophiolite rock sampling sites in
Luzon Island, Philippines, and these were used in mineral
carbonation reaction. Dissolution experiments were con-
ducted by exposing powdered rock samples in suspensions
sparged with CO, for 60 days at ambient conditions (25 °C
and 1 bar). Carbonation reactions were observed at various
pH conditions (4, 6, and 10) and particle sizes (62—-125 and
250-420 pm). In separate experiments, the effects of pH
and salinity were studied in experimental set-ups contain-
ing 5 % MgCl, maintained at low and high pH. Inductively
coupled plasma-mass spectrometry (ICP-MS) was used to
monitor concentrations of metals that could participate in
the mineralization reaction (Mg, Al, Ca, and Fe) during
exposure to CO,. X-ray diffraction (XRD) analysis was
used to confirm the formation of carbonate minerals.
Results indicate an enhancement in the carbonation process
upon varying pH and salinity of the system, while there is a
negligible difference in the mineral carbonation reaction at
the range of particle sizes used in this study.
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Introduction

Mineral carbonation is a very promising CO, sequestration
method and is already considered viable in different types
of geological frameworks. Mineral carbonation has many
advantages due to the fact that (1) there are abundant
sources in the environment of Ca and Mg, which are nee-
ded to store excess CO, as carbonate minerals [17]; (2) it
reduces the risks associated with pressurized geologic
injection of CO,, such as possible leakage, contamination
of potable ground water, and other unpredicted seismo-
geological incidents [3]; and (3) the end-products of this
process do not pose environmental threats [16].

The reactions involved in the mineral carbonation pro-
cess in rock samples are: first (1) conversion of CO,( into
CO327(aq); then (2) dissolution of minerals to release the
metal cations (Ca®* and Mg”); finally (3) the combination
of carbonate anion and metal cation to form the carbonate
minerals [24, 25]. In these reactions, the mineral dissolu-
tion reaction is the rate-determining step [35], thus
enhancing mineral dissolution reaction will also yield fas-
ter mineralization.

Flow injection pilot tests and other feasibility studies
have recognized the full potential of basaltic deposits for
CO, storage [4, 5, 22, 33, 36]. Other rock formations such
as the Samail Ophiolite of the Sultanate of Oman have been
considered in several studies for natural CO, sequestration
sites [14, 26]. More rock formations found in an archipe-
lagic settings has also been considered [2]. These geolog-
ical frameworks have a high CO, sequestration capacity
through mineral fixation and solubility trapping [7].
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However, though these geological frameworks have sig-
nificant potential, physical and chemical activation treat-
ments are still necessary to facilitate in stepping up the
reaction rates of metal ion dissolution for ensuing car-
bonation [1]. These interventions vary from heat or steam
treatments, to leaching agents and complexing agent usages
[1, 13, 21, 29]. One prospect to include in considering an
injection host is the different types of geological frame-
works with nearby alkaline water reservoirs.

The method of CO, injection into serpentinitic aquifers
poses a feasible method in improving the interaction of
CO, with dissolved metal cations. Geochemical data on
spring waters involving serpentinitic rocks and ultramafic
rocks have shown this potential [7]. Alkaline springs are
associated with ophiolitic rocks and assumed to equilibrate
with atmospheric CO, and eventually form calcite, brucite
and aragonite [6, 30, 34]. Salinity and pH are important
features of these alkaline springs and would prove benefi-
cial in the dissolution step. Salinity and pH are important
factors in carbon mineralization reactions; the latter
parameter is important evidently because H* concentration
influence formation of HCO;~ (dissolution of CO, in
water), which will then react to the available metals in the
system [8, 28]. Changes in pH would be observed once
CO; is injected into reaction mixtures such as brine solu-
tions, which will in turn influence the uptake of divalent
cations, and eventually promote carbonate formation
[18, 19]. Salinity is also a parameter to study since an
increase in salinity might result to low dissolution of CO,
[8, 32]. The presence of nearby alkaline springs would
eliminate the required chemical interventions in the dis-
solution of metal ions from the host minerals. Experimental
studies on the assessment of carbonation reactions using
these types of rocks in the presence of alkaline solutions
are quite limited [20].

Particle size also plays an important role in mineral
dissolution reaction because, theoretically, a smaller par-
ticle size will result in faster dissolution and will increase
the availability of divalent metal cations. On the contrary,
reducing the particle size will require additional energy in
the over-all process, and the enhancement may or may not
be sufficient to compensate for the additional energy input
[10, 12].

Small-scale or laboratory scale investigations must
constantly be conducted to continuously develop energy-
conscious and economically feasible CO, sequestration
processes on carbonation reactions. In this study, suspen-
sions of different ophiolitic rock samples were prepared to
evaluate different experimental conditions operating at
minimal energy input (ambient pressure and temperature
conditions) on the formation of carbonates. Gaseous CO,
was directly bubbled into the suspensions to produce CO;-
sparged aqueous solutions. Salinity and pH were
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considered to resemble the alkaline spring waters in natural
settings. A parametric study was done on these two factors
as part of artificial enhancement pre-treatment steps on
carbonation rates. Observed alterations on the mineral
surfaces (in all suspensions) are attributed to carbonate
formation at different pH and salinity of rock suspensions
as well as particle sizes of the rock samples in CO,-sparged
aqueous solutions.

Materials and methods
Chemicals

All chemicals and reagents used in this study were of
analytical reagent grade unless otherwise specified. High
purity CO, (99.9 %, Linde Phils.) was used in the car-
bonation reaction, Hydrochloric acid (RCI Labscan, Thai-
land) and sodium hydroxide (HiMedia Laboratories, India)
were used to adjust the pH of the system. Magnesium
chloride (HiMedia Laboratories, India) was used to prepare
the required salinity for aqueous carbonation experiments.
All dilutions and solution preparations for the ICP-MS
analysis were done using ultrapure water prepared using a
Millipore Direct-QS5, Ultrapure Water Purification System
(18.2 M cm resistivity, Merck Millipore). The rock powder
was decanted then air dried prior to XRD analysis.

Sample collection initial characterization

Ophiolitic rock samples were collected from different
locations in Luzon as shown in Fig. 1; namely Angat
Ophiolites (AO), Zambales Ophiolite Complex (ZOC) and
Camarines Norte Ophiolite Complex (CNOC). The
obtained rock samples were submitted to the Mines and
Geosciences Bureau, Petrolab, for thin-section petro-
graphic analysis.

The rock samples were crushed and powdered prior to
carbon mineralization experiments. Laboratory mesh
sieves were used for the particle size-controlled experi-
ments. Fractions of fine (62-125 pum) and (250-420 pm)
coarse particle sizes were chosen in this study.

Mineral carbonation experiments

The experimental design for the carbonation experiment
was based on a simple direct aqueous carbonation method,
wherein water and grounded rock suspension was supplied
with CO, to facilitate both the mineral dissolution reactions
as well as the formation of HCO;3™ species. Baseline car-
bonation studies were previously conducted [20] on the
mineral rock samples by sparging the powdered rock-water
mixture with CO,, under natural pH and ambient
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Fig. 1 Locations of rock formations around Luzon regions where the samples were collected

conditions (1 bar and 298 K). In addition, mineral car-
bonation experiments were also conducted under high and
low pH (pH 13 and 1, respectively). To further study the
effect of pH in mineral carbonation reactions, carbonation
experiments were conducted under intermediate pH (pH 4,
6 and 10). Increase or decrease in the concentrations of Mg,
Al, Ca and Fe were monitored to determine the dissolution
of the rock samples at different pH values.

Mineral carbonation experiments were done by adding
10 mL water to 10 g powdered rock samples in 20 mL
vials and sparging (5 mL/min) the suspensions with CO,
for 60 days.

pH-only and pH-salinity experiments

The effect of pH was studied by maintaining the carbon-
ation reaction vials at pH 4, 6, and 10. The effects of both
pH and salinity were observed using; (1) a high pH con-
dition (pH ~13) with 5 % MgCl,, and (2) a low pH con-
dition (pH ~1) also with 5 % MgCl,, these were
compared against suspensions wherein the pH and salinity
were not modified.

Bubbling of CO, into suspensions was also conducted
for 60 days. The suspensions were prepared as follows: (1)
unaltered condition (no modification in pH and salinity of
the suspensions); (2) low pH with 5 % MgCl,; and (3) high
pH with 5 % MgCl,, these were all compared with the
X-ray diffraction pattern of the untreated rock sample (i.e.,
not purged with CO,). The water used for the “unaltered”
set-up is taken from the streams near the sampling site of
the rock samples. The pH and salinity were not modified.

Grain size range used for pH, and pH-salinity experi-
ments was 62-420 pm.

Grain size only experiments

For the particle size-controlled experimental batch, car-
bonation experiments were done on fine (particle size:
62-125 pm) and coarse (particle size: 250-420 pm) rock
samples. No quantification measurements were conducted
to determine the amount of CO, uptake in all experiments.

Instrumentation

The CO,—water-rock interaction that occurred upon bub-
bling the powdered rock samples with CO, was studied by
monitoring the metal concentration in the aqueous part of
the system as well as the change in the mineral composition
of the rock samples. An Agilent 7500cx inductively cou-
pled plasma-mass spectrometry (ICP-MS) was used to
quantify the metal content of the samples. Shimadzu
MAXima_X XRD-7000 X-ray diffractometer (XRD) was
used to monitor the change in mineral composition of the
rock samples.

Results and discussion

Ophiolitic rock compositions

Mineral composition of each of the ophiolitic rock samples
used in the investigation is summarized in Table 1.
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Table 1 Mineral composition of rock samples based on thin-section petrographic analysis

Sample source Major mineral components® Rock type
Mineral name Chemical formula®

Angat ophiolites Plagioclase (60 %) (Na, Ca)(Si, Al)3;O0g Diabase
Pyroxene (20 %) (Ca, Mg, Fe, Mn, Na, Li)(Al, Mg, Fe, Mn, Cr, Sc, Ti)(Si, Al),O¢

Zambales ophiolite complex Serpentine (73 %) (Mg, Al, Fe, Mn, Ni, Zn), 5(Si, Al, Fe),05(OH),4 Serpentinite
Relict Augite (15 %)  (Ca, Mg, Fe),(Si, Al),O¢

Camarines Norte ophiolite complex Relict Enstatite (38 %) (Mg, Fe)SiO3 Metagabbro

Relict Augite (30 %)
Tremolite (20 %)

(Ca, Mg, Fe),(Si, Al)>O¢
Ca;MgsSig02(OH),

# Major mineral components: more than 10 % of the total mineral components; minor mineral components (10 % and below) include chlorites,

clinozoisite, opaques and clays

b [23] Materials Data, Inc., Livermore, CA USA (http://www.materialsdata.com)

Samples utilized are mostly of magnesium and calcium
bearing minerals. Angat ophiolites are composed mainly of
plagioclase (60 %) and considered as an Altered Diabase
rock. Zambales ophiolites are composed mostly of ser-
pentine (73 %) and identified as Serpentinite rock.
Camarines Norte ophiolites are a mixture of Enstatite
(38 %), Augite (30 %) and Tremolite (20 %). It was
classified as an Altered Gabbro rock.

Carbonate formation under different pH
only conditions

Availability of Ca** and Mg®" ions is one of the control-
ling factors for the development of in situ CO, mineral-
ization [30]. Dissolution of these metals into CO,-sparged
solutions would be easily available for CO, consumption
[26]. Ophiolitic rock samples are rich with these divalent
cations, thus, the decrease of metal concentrations in the
purged suspensions indicates elemental scavenging by
CO,. Results from ICP-MS analyses, as seen in Fig. 2,
showed a distinctive trend wherein an increase in the metal
concentration in the aqueous layer was observable in the
15th and 30th day of CO, exposure, which could be
accounted for the dissolution of the minerals from the rock
samples. As expected, Mg®" ions were detected promi-
nently indicating the possibility of extracted Mg>" ions
dissolved into the aqueous layer of ZOC suspensions. As
observed from petrographic analyses, Mg>" ions are
prominent in ZOC suspensions mainly because of the
intrinsic mineral composition. At all pH conditions, Mg>"
ions showed increased concentrations on the 15th day of
bubbling CO, into the suspensions. As can be seen in
Fig. 3, the intensity of the carbonate mineral peak is not as
significant compared to the original ‘serpentine peaks’ (for
the carbonation experiment carried under ambient condi-
tions). And for the “enhanced” carbonation set-up, the
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composition is still not entirely changed into newly formed
carbonate minerals as the presence of the original peaks
attributed to the original mineral components of the rock
samples are still evident. The “enhanced” carbonation set-
up is a suspension that is considered as more favorable
condition for carbonation reaction. Thus, formation of
MgCOs is not easily formed, even though the Mg>* ions
are dissolved in the suspensions and available for forma-
tion reactions. This indicates that MgCO; mineral, in an
extended carbonation period, may eventually form in these
rocks. The formation of MgCO; might have been sup-
pressed in early reaction times by the presence of the
MgCl, in the suspensions. A need to investigate the
influence of Mg?*/Ca®" molar ratios in the MgCO; and
CaCOs5 formation should be considered in future studies.

The identification of the source of Mg®™ ions among the
ophiolite rocks which contribute to the new MgCO; formed
is not easily discerned from the carbonation experiments,
since the rock samples are already composed of a mixture
of minerals. Based on the dissolution rates of enstatite,
augite and serpentine, with respective log K: —9.02, —6.82,
and —5.70 values [27], it can be inferred that serpentine
undergoes faster dissolution than enstatite and augite, thus
there are more available Mg”" ions from serpentine than
the other minerals.

Aluminum, iron and calcium ions showed a similar
trend in suspensions of Angat ophiolites indicating that
these ions may be easily available for new mineral for-
mation during carbonation process. A decrease in the metal
concentrations (Mg, Al, Ca, and Fe) was observed during
the 45th and 60th day of bubbling which could indicate the
consumption of CO, and mineralization could have taken
place. For the pH-controlled carbonation vessels, the pro-
cess of mineral dissolution (of the original mineral com-
ponents of the rock samples) and re-precipitation
(formation of carbonate minerals) were observed by
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monitoring the changes in the concentration of metals (that
participate in the reaction) in the aqueous component of the
rock-water-CO, mixture. With these observations, car-
bonate formation or new mineral formation on Zambales
ophiolites are still considered favorable at working pH
(pH = 4, 6 and 10) compared with Angat and Camarines
Norte ophiolites.

Carbonate formation under different pH
and salinity conditions

Another experimental batch was prepared to investigate the
effects of both pH and salinity on the mineral carbonation
reaction. Salinity is considered to reduce solubility trapping
due to reduction in solubility of CO, and change in the
partial molar volume of water [11]. The metal concentra-
tions were monitored in this set-up (Fig. 2) and the car-
bonate phases resulting from the carbonation procedure
were visible from the XRD spectra. Significant changes on
the rock surfaces were observed as seen from Fig. 3. An
observable change in the mineral content in the powdered
rock sample is the appearance of peak at 20 = 29.42. This
corresponds to a d-spacing = 3.035, which is a character-
istic of the carbonate mineral, Calcite [CaCOs;]. This peak
was evident in all the samples subjected to mineral car-
bonation. The difference in the intensity is attributed to the

relative amount of the formed mineral in the powdered
rock sample. Using a similar rationale for the new MgCO;
mineral formation, it would be difficult to distinctly iden-
tify the source of Ca”" ions for the formation of CaCOs;.
Between the two minerals, tremolite and plagioclase, with
respective log K: —8.40, and —7.5 values [27], dissolution
of plagioclase would be faster, and thus could be the easier
source of Ca*" jons.

Aside from the appearance of characteristic peaks of
carbonate based minerals, the decrease in the intensity of
peak at 260 ~ 12.1 (which corresponds to d-spacing ~7.31)
could be an evidence of the dissolution of serpentine group
of minerals (i.e., lizardite [Mg3Si,05(OH)4]) which is one
of the original mineral component of the rock samples. An
additional peak at 20 = 30.84 (d-spacing = 2.899)
appeared in the sample subjected to high pH with 5 %
MgCl,, this could be assigned as the characteristic peak of
hydromagnesite [Mgs(CO5)4(OH),-4H,0], which is very
probable due to the high alkalinity at the given experi-
mental conditions. Given these results, an enhancement in
the carbonation reaction was apparent in suspensions 2 and
3 (low pH + 5 % MgCl, and high pH + 5 % MgCl,,
respectively) as compared with suspension 1 (unaltered pH
and salinity). Though the calcite peak was visible in all
three suspensions, the intensity is highest in suspension 3,
which could mean that the formation of carbonate mineral
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2Theta CuKa

Fig. 3 X-ray diffraction patterns of rock samples after 60 days of
subjecting to mineral carbonation experiments. a Untreated: not
subjected to carbonation experiments; b baseline: ambient conditions,
no modification in pH and salinity; ¢ low pH, 5 % MgCl,; d high pH,
5 % MgCl,. Peak at 2.899 is assigned to hydromagnesite while peak
at 3.035 is assigned to calcite. Y-axes are all on the same scale

is more favorable in this condition. In addition, more
diverse types of carbonate minerals could be formed in
highly alkali suspensions due to the participation of OH™
(as seen in the formation of hydromagnesite
[Mgs(CO5)4(OH),-4H,0]).

It is likely that other non-carbonate precipitation or
competing reactions have occurred. The presence of non-
carbonate phases strongly indicates an incomplete car-
bonation process. The suspensions and other experimental
conditions must be further refined to achieve a maximum
sequestration-efficient procedure.

Carbonate formation at different rock particle size

Particle size is also considered as an important factor
affecting carbonation as it is generally accepted that the
smaller the average particle size, the larger the mineral
surface area per unit mass and the higher the reactivity of
the particles become [15]. Results of the XRD analyses, as
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shown in Fig. 4, for rock samples with fine (62-125 pm)
and (250-420 pum) coarse particle sizes showed that the
change in the mineral composition is similar in both
experimental group. In addition to the previously men-
tioned formation of calcite and hydromagnesite, Dolomite
[CaMg(CO3),] and Pirssonite [Na,Ca(COj3),-2H,0] could
also be formed in the carbonation reaction as indicated by
the peaks that appeared at 260 = 30.98 (d-spac-
ing = 2.886) and 20 = 34.98 (d-spacing = 2.565), which
correspond to their respective d-spacings. The intensity of
the peaks in the fine particle size set-up is slightly higher
than the peaks in coarse particle size set-up. This could be
an evidence that smaller particles indeed undergo faster
mineral dissolution. Thus, the formation of new carbonate
minerals is also slightly favorable in this condition. The
coarse or fine fractions can influence additional energy
input to enhance surface interactions [31]. Nonetheless,
their difference is not significant and it can consequently
be concluded that, within the particle sizes used in this
study (62—420 pm), the effect of particle size on mineral
carbonation reactions is negligible and is indicative only
of the viable working range. Understanding of particle
size would introduce an additional variable to be con-
sidered in identifying prospective injection points in
Luzon ophiolite rocks sites.

Environmental implications of carbon
mineralization

The experimental findings and methods used could be
further developed to CO, mineralization strategies at
potential sites where carbon footprint could be significant,
such as Bicol and Leyte, Philippines. Large geothermal
power plants are in use [9] in these areas and possibly, tons
of CO, could be emitted from geothermal operations.
However, mineral exploration within the vicinity of the
geothermal plants is yet to be done to determine if avail-
able ophiolitic rocks are close to the site for CO, injection.
In addition, instead of emitting CO, into the atmosphere,
pipes could be connected to nearby alkaline springs for
direct channeling of CO, and consequently produce the
CO;,-sparged solutions. Mineral carbonation process is a
relatively young technology, where many areas of this
technology has yet to be explored, primarily the quantifi-
cation of CO, sequestered, as well as other parameters
affecting carbonation reaction (i.e., pressure and
temperature).

A future research investigation will be undertaken to
assess the physical and chemical characteristics (e.g., sta-
bility) of the carbonate phases and non-carbonate phases
formed after the carbonation procedure. This will give a
better direction on identifying the potential commercial
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markets (e.g., construction materials) of these high value
products.

Several research and development gaps still need to be
addressed before mineral carbonation can be integrated to
established power plant systems. Deployment of in situ
carbonation should be given a serious chance since rock
formations (ophiolites) containing high concentrations of
Ca and Mg are abundant in many locations in the world.

Conclusions
A CO; mineral sequestration procedure that utilizes alka-

line spring samples was proposed. Investigations on bub-
bling of CO, into alkaline springs would be beneficial to

decrease the energy input in carbon sequestration studies.
Bubbling of CO, is applied to varying experimental con-
ditions including pH, salinity and particle sizes using dif-
ferent sources of ophiolitic rocks. Salinity and pH were
shown to significantly enhance the mineral carbonation
reaction from an unaltered system (natural pH and salinity).
The formation of carbonate minerals such as calcite
[CaCO3], hydromagnesite [Mgs(CO3)4(OH),-4H,0],
Dolomite [CaMg(COj3),] and Pirssonite [Na,Ca(COs3),.
2H,0] was confirmed in the XRD analysis of samples
purged with CO, at various conditions for 60 days. The
observation of a newly formed carbonate-based mineral in
the CO,-sparged suspensions is a good indication that the
method employed is suitable for improving the interaction
of CO, and metal cations in aqueous suspensions.
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The experiment with controlled particle sizes gave
similar results in the x-ray diffraction analysis, hence it can
be inferred that within the particle size range used in this
study, 62-420 um, the effect of particle sizes in mineral
carbonation process is negligible. The results are yet to be
applied at a scale sufficient to show their industrial viability
and additional parameters, such as presence of organic
constituents, should be considered in future studies. An
interference study with other gases (e.g., of other green
house gases) is also an interesting work in the future.
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