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Abstract
CO2 mineralisation is an effective process to sequester this greenhouse gas into solid carbonates
permanently. A source of alkaline earth metals for CO2 mineralisation that has significant
sequestration capacity based on worldwide availability, but seldom studied, are desalination brines.
In this work, we investigate the brine carbonation process with a continuous plug-flow tubular reactor.
This reaction system is particularly suitable for industrial applications as it can be easily scaled-up,
and enables better process control, optimization and integration. Catalytically active nickel
nanoparticles (NiNPs) are applied to improve the mineralisation process, by accelerating the ratelimiting step of carbonic acid formation. To counter CO2 acidification effect, the brine was contacted
with blast furnace (BF) slags to transfer alkalinity, with sodium hydroxide being used as an additional
alkali to achieve the required pH. The effects of reaction temperature, composition of alkaline brine
solution and residence time in the tubular reactor, on the calcium conversion efficiency (CCE) and the
mineral composition of the precipitates were investigated. The extent of brine carbonation, and hence
carbonate precipitation in the outlet solution was measured by ICP-OES, and by imaging of the void
fraction in the outlet stream. The mineralogy and morphology of precipitates were analysed by XRD,
FTIR and SEM. It was found that CCE is increased by about 10% at 50 °C with 30-ppm NiNPs
addition, which also favoured the formation of calcite polymorph. Under other process conditions,
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such as in the presence of other salts (Mg2+, Na+), aragonite and vaterite polymorphs were also
obtained.

Keywords: CO2 mineralisation; carbon capture, utilisation and storage; tubular reactor; nickel
nanoparticles catalyst; desalination brine; precipitated calcium carbonate.

Introduction
Increasing concentration of the greenhouse gas, CO2, in the atmosphere has caused countless
climate issues and concerns [1], including surface and ocean temperatures increasing, glacial and
polar ice melting, and global sea level rising. Renewable energy can be applied to decrease the
dependence on primary fossil fuel energy, but most technologies still require significant improvements
in cost and efficiency to satisfy still rising energy demands. In the short term, the best approach to
address the climate changing effects of carbon dioxide and maintain the required energy supply is to
reduce emissions via the capture and sequestration or utilisation of carbon in the post-combustion
process.

Carbon capture, utilisation and storage (CCUS) [2] is a portfolio of technologies to mitigate the
adverse effects of anthropogenic CO2 emissions, such as by capturing, compressing, transporting
and storing it underground and in oceans. CO2 capture typically begins with the process of chemical
absorption, whereby monoethanolamine (MEA) is the dominant solvent applied in the industry for
several decades [3]. However, a large amount of energy is consumed in the amine regeneration step
[4], resulting in a large energy penalty to capture CO2 from industrial sources such as power plant flue
gases. Alternatively, CO2 can be directly used, even in impure form, as a feedstock for conversion
into solid carbonate, via the CO2 mineralisation process [5, 6]. This is an effective technique to
sequester CO2 permanently, as carbonates are stable over geological timeframes and there is
sufficient alkalinity near the Earth’s surface to react with all fossil fuel-derived CO2.
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Mineralisation of silicates, as was first introduced by Seifritz [7], is a process of weathering and
carbonation of alkaline minerals (including natural materials such as olivine, serpentine and basalt, or
industrial wastes such as slags and ashes) that requires high energy demand (for acceleration) or
long reaction time (under ambient conditions) due to the slow kinetics of mineral carbonation. Besides
direct carbonation of alkaline minerals, which typically leads to low value products, or simply carbon
sinks, there is also the process of indirect carbonation, which enables production of higher value
products such as pure precipitated calcium carbonate (PCC). Indirect reaction requires extraction of
alkaline earth metal ions from silicates, using suitable organic or inorganic acids or salts, before
subsequently proceeding to mineral carbonation reaction [8, 9]. In the best cases, this method can
save energy in the mineral carbonation step, due to the reactions happening under ambient condition,
but costly reagents or reagent recovery processes in the extraction step can make for uneconomical
net result.

A potentially cost-effective route to mineral carbonation is to utilise aqueous solutions that already
contain alkaline earth metal ions that can directly react with CO2. This alternative approach overcomes
the carbonation rate and extraction cost limitations by eliminating the procedure of metal ions
dissolution/leaching [10]. Desalination brines, a type of saline wastewater, are regarded in this study
as an attractive source of alkaline earth metals for mineralisation process due to their relatively high
concentrations of calcium and magnesium ions [11]. According to the International Desalination
Association [12], 86.8 million cubic meters per day of water is desalinated. Assuming 50% recovery,
the same volume of brine is produced daily, and assuming 100% rejection of calcium and an average
seawater calcium content of 400 mg/L Ca, desalination brine typically has 800 mg/L Ca (i.e. 0.02M
as used in this study). Hence, per year, it can be estimated that 633,640,000,000 mol of Ca(aq) can be
present in brine. If all this calcium is carbonated, a total of 27,880,160 tonnes of CO2 can be
sequestered; that is 27.9 MT CO2. This is a meaningful amount of CO2 can be sequestered to
contribute to reducing today’s annual CO2 emissions of close to 40,000 MMT per year globally.
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Another area of opportunity to improve CO2 mineralisation process, that is investigated in this study,
is the reactor design. Various researchers have operated carbonation in different types of reactors as
options to reduce CO2 emissions. The traditional reaction system for CO2 mineralisation is
implemented with batch, semi-batch or semi-continuous [13] reactors, whereby solid carbonates are
precipitated by bubbling CO2 into an aqueous solution, or simply contacting a gas phase in the headspace of a reactor with the aqueous phase mixed below. For example, in Druckenmiller and MarotoValer [14], the reactions between CO2 and saline aquifer brines were conducted at high pressure and
temperature, whereby CO2 was contacted with alkaline brines in a mechanically mixed slurry;
consequently this process consumes significant amounts of energy because of intense operational
conditions. Magnesium-based cements for CO2 capture process have been investigated by Morrison
et al. [15] via a two-step reaction, first generating a CO2-rich solution and then mixing with a Mg2+-rich
desalination brines for precipitation; however, this system is not ideal for industry since it still consists
of two batch processes in series. Other novel reactors such as the rotating packed bed (RPB) reactor
have been used in carbonation [16, 17], which accelerates the reaction by intensifying the contact
between the gas and liquid slurry phases; yet, though this can improve the carbonation reaction rate,
RPBs are not easily scalable for large-scale applications.

In this work, the focus was on avoiding reactors and processes that rely on high temperatures and
pressures, and on mechanical agitation. We therefore looked to develop a brine carbonation process
using a reactor and process that can enhance and control the reaction under mild operating conditions
and flow-induced mixing. Moreover, continuous processes are favoured for industrial applications,
and plug flow reactors are extensively applied for a variety of gas/liquid/solid systems in industry, such
as polyolefin synthesis [18]. In our work, we propose to investigate the brine carbonation process with
a continuous plug-flow tubular reactor. This system is easy to be scaled-up for industrial applications
and enables better process control, optimization and integration.

The carbonation reaction is a heterogeneous reaction between alkaline earth metal cations and
carbonate anions, producing precipitated carbonates. It is necessary to maintain the pH value of the
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solution above a certain value, which depends on temperature, CO2 partial pressure and the type of
carbonate forming, to obtain particulate precipitation. There are several methods to prevent a solution
from getting overly acidic after injecting CO2. The most widely used is to add substances into the
solution, such as buffer solution [19, 20], basic inorganic chemicals (e.g. sodium hydroxide,
ammonium hydroxide, industrial wastewater [21-23]), organic chemicals (e.g. methanol, ethanol,
propanol [24]), and solid industrial wastes such as steelmaking slag [25], red mud and fly ashes [26,
27]. The approach used in this research was to contact the brine with blast furnace (BF) slag, to
transfer alkalinity to the brine, with sodium hydroxide solution being used as an additional alkali
substance. The dissolving slag also supplements the brine with additional alkaline earth metal ions,
primarily Ca2+.

The ultimate goal of the envisioned desalination brine carbonation process in a continuous tubular
reactor is the production of commercial-grade PCC. PCC are widely used in various applications [28],
including papermaking [29], paints, plastics, among others. The physical properties of PCC largely
determine the potential usage. PCC properties are predominantly determined by process conditions,
as it controls the rate of nucleation and crystallization, and thus the particle size, as well as the
mineralogy of the precipitates, which controls particle shape, surface and mechanical properties. The
four polymorphs of calcium carbonate (CaCO3) are: amorphous, calcite, vaterite and aragonite. In the
presence of Mg2+, several magnesium carbonates can also form under mild carbonation conditions
(e.g. nesquehonite (MgCO3·3H2O) and hydromagnesite (Mg5(CO3)4(OH)2·3H2O)), as well as
magnesian calcite (Ca1-xMgx(CO3)). Therefore, it is necessary in the present study to investigate the
influence of experimental conditions in a tubular reactor for precipitated carbonate formation from
desalination brine.

The last aspect of research that was investigated in the present work was the dissolution and
dissociation of CO2 within the tubular reactor, in particular looking for ways to accelerate the formation
of carbonate (CO32-) anions, which readily react with dissolved Ca2+ and Mg2+. Gaseous CO2 dissolves
into water forming aqueous CO2 (Eq. (1)) and then proceeds through hydration and dissociation
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reactions (Eq. (2) and Eq. (3)) [30]. At relative high pH, aqueous CO2 can also directly react with OHto form HCO3- (Eq. (4)) [31].

CO g ↔ CO aq

(1)

CO aq

(2)

H O l ↔ H CO aq

H CO aq ↔ H
CO aq

HCO

OH ↔ HCO

(3)
(4)

In published literature [32-35], carbonic anhydrase (CA) is regarded as a suitable catalyst to
accelerate CO2 mineralisation reactions via the transformation of CO2(aq) into bicarbonate (HCO3-),
as the CO2 hydration reaction (Eq. (2)) is seen as the rate-determining step (in systems with dissolved
Ca2+ and Mg2+). The core active site in CA is zinc [36], which is located in the centre of metalloenzyme,
and the general mechanism [37] is illustrated in Eq. (5). In the presence of CA, CO2 hydration
equilibrium can be rapidly reached, with zinc-bound OH- reacting with dissolved CO2 to form
bicarbonate. This will also accelerate the equilibrium-controlled dissolution of gaseous CO2 into
aqueous CO2, i.e. the carbon capture step. Like zinc, nickel can also be used as a CO2 capture
catalyst, as discussed next and tested in the present research.

EZnOH

CO aq ↔ EZn OH

CO aq ↔ EZnHCO

↔ EZnH O aq

HCO

(5)

In the previous work by Siller et al. [38-40], nickel nanoparticles (NiNPs) have been demonstrated to
possess catalytic activity to accelerate CO2 hydration reaction as a first wholly inorganic
heterogeneous catalyst. NiNPs are photo-catalytically active towards hydration reaction of CO2 [41],
and although they can be extracted magnetically from solutions, they have been also immobilised on
the silica support [42] for the better processing. Their nano-toxicity have been investigated on
exposing a model environmental marine organism, sea urchins, to different concentrations of NiNPs
solutions [43], and it is shown that NiNPs are typically ten times less toxic when compared to silver
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nano-particles. In order to mitigate an environmental leaching of nickel ions into the water from NiNPs,
very efficient absorbers have been developed and tested [44]. Work by Bodor et al. [45], showed that
NiNPs are marginally beneficial for capturing CO2 from the gas phase when using CaO and
steelmaking slags as the source of Ca2+ in particular when solid to liquid ratio is high. One possibility
is because of the Ca2+ dissolution, rather than the CO2 hydration, is the rate limiting step. Another
possibility is that when solid to liquid ratio is high, some of the NiNPs surface gets poisoned by a rapid
covering with the formed calcium carbonate, which stops NiNPs to act as catalysts for hydration
reaction in this limit as it has been suggested previously [40]. It was concluded by Bodor et al. that to
further accelerate the NiNP-assisted process, carbonation of solutions containing dissolved alkaline
earth metals, such as brines and brackish waters, may benefit more from NiNP addition than mineral
carbonation systems. Therefore, in the present work we investigate if the NiNPs catalysts are useful
when employed to obtain solid carbonate products from desalination brines in a tubular reactor using
different pH-regulating approaches, without the need for a dissolution step.

2. Materials and methods

Sodium hydroxide (pellets, NaOH, ≥98%), calcium chloride dihydrate (CaCl2·2H2O, ≥99%),
magnesium chloride hexahydrate (MgCl2·6H2O, ≥99%), and sodium chloride (NaCl, ≥99%) were
purchased from Caledon Laboratories Ltd., Canada; all chemicals used as received. The nickel
nanoparticles were purchased from Nano Technologies, Korea. Deionised water (resistivity over 18
MΩ·cm) was used to prepare solutions. Carbon dioxide (>99.9%) was purchased from Praxair
Canada Inc. Solutions were prepared with one or more of the following reagents and concentrations:
0.020 M CaCl2 (all solutions), 1.0 M NaOH, 0.012 M MgCl2, and 0.80 M NaCl. The simulated brines
were produced to have identical calcium, magnesium, sodium and chloride composition as the
desalination brine obtained and characterized from Kuwait, which originates from Arabian Gulf
seawater desalination; the complete composition of this brine, determined by ICP-OES, is as follows:
38.0 g/L Cl-; 18.5 g/L Na+; 4.21 g/L SO42-; 2.40 g/L Mg2+; 1.00 g/L K+; 0.80 g/L Ca2+; 0.13 g/L Br-.
7

The schematic apparatus of the reactor set-up is shown in Fig. 1 (a). The tubular reactor consists of
a helically coiled tube immersed within a temperature-controlled bath; the reactor length is 20.9 m,
with internal diameter of 5.0 mm, and total volume of 410 cm3. Two lines feed the reactor and are
mixed in a T-junction: one is for CO2 coming from a compressed gas cylinder, with inlet pressure
controlled by a regulator (set for all runs at 1.5 bar absolute) and volumetric flowrate controlled by a
needle valve; the other is for the alkaline brine, pumped by a peristaltic pump from a feed tank where
brine, chemical additives and NiNP catalyst are gently mechanically agitated to avoid nanoparticle
sedimentation. The flow rate of liquid at each pump setting was calibrated by gravimetrically
measuring the exiting flow rate of liquid collected in an impinger trap. The flow rate of gas was set at
the beginning of each experiment before commencing liquid flow, by using a soap bubble meter
connected to the outlet stream. The pattern of the flow in the multi-phase section of the tube, after the
T-junction, is illustrated in Fig.1 (b); in this segmented slug flow, according to Vacassy et al. [46], poor
micromixing can be avoided and the homogeneity in reaction conditions is increased better than in
larger volumes, leading to a better control of powder characteristics. A video camera (Sanyo Xacti;
30 fps) was used to image the outlet stream to confirm the flow pattern. Void fraction at the outlet was
estimated from extracted frames of the video, whereby void fraction was defined as the ratio of the
number of extracted frames containing a gas slug that intersected a particle position lengthwise along
the tube, divided by the total number of extracted frames. The formal definition of void fraction is the
ratio of superficial flow rate of gas (QG) divided by sum of superficial flow rates of gas and liquid
(QG+QL).

The precipitated carbonates were filtered by 0.45µm nylon syringe filter, washed with DI water and
dried at 110°C for 5 h. Elemental concentrations ([Ca(aq)], [Mg(aq)]) in the recovered liquid was tested
by inductively coupled plasma optical emission spectrometry (ICP-OES, PerkinElmer Optima 8300);
2ppm yttrium was used as internal standard for metal ions analysis, and 0.2 M nitric acid was used
as diluent. Eq. (6) is introduced to explain Ca(aq) conversion efficiency (CCE); magnesium conversion
efficiency can be similarly calculated. The pH value of the exiting slurry and its electrical conductivity
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were also measured using Fisher Scientific Accumet Research AR20 pH meter, and Hach sension5
conductivity meter, respectively. These instruments were calibrated with standard solutions daily prior
to use.

CCE

∗ 100%

(6)

Thermogravimetric analysis (TGA/DTG) of precipitated carbonates was performed by TA Instruments
Q600. TGA analysis was conducted with a heating rate of 10°C/min under 100 ml/min air atmosphere
up to 900 °C. The chemical bonds of precipitates were investigated by The PerkinElmer Spectrum
Two FTIR (Fourier-transform infrared spectroscopy). Attenuated total reflectance (ATR) technique
was used. The FTIR spectra were obtained from 4000cm-1 to 400cm-1. Mineral phases of precipitated
products were identified and quantified from X-ray diffraction (XRD) patterns. XRD data were collected
by Rigaku MiniFlex 600 with Cu radiation at scanning speed of 1.3°/min and step width of 0.02°. The
morphology of precipitated carbonate particles was observed by a scanning electron microscopy
(SEM) with Hitachi Tabletop Microscope TM3000 using 15kV and charge-up reduction mode.

3. Results and discussions.
3.1 Effects of process parameters

The first set of investigations herein presented pertains to studying the effect of several process
parameters (gas flow rate, temperature, and NaOH concentration) on the CCE and properties of the
precipitated carbonate products. In these experiments, initial brine CaCl2 concentration was 0.02 M
(the pH of which was measured as 6.1), and 2.6 vol.% of 1.0 M NaOH (ie. 40 ml) was added to 1.5 L
of this brine (raising the initial pH to 12.3). Fig. 2 shows how gas flow rate between 20 to 40 mL/min
affects the CCE, pH and conductivity at a fixed flow rate of liquid (80 ml/min). The inlet void fraction
thus varies from 0.20 to 0.33. The residence time of the slurry moderately differed between these
runs given that the total flow rate differs; effect of residence time is separately studied in section 3.4.
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The aim here was to determine if an excess of CO2 leads to more complete conversion. The initial pH
of simulated brine is 6.1 and the pH increased up to 12.3 after adding 40mL NaOH solution. The CCE
increased with G/L ratio (i.e. gas flow rate) up to a maximum, while higher ratios of G/L resulted in
lower CCE due to the markedly lower pH (< 7.5), which partially prevents precipitation of carbonates.

The pH value decreased continually with greater amounts of gaseous CO2 introduced, but there is a
sharp decrease between 23-25 mL/min gas flow rate. Carbon dioxide enters the water phase via an
equilibrium reaction to form carbonic acid. It is understood from this data that as the initial liquid is
alkaline (due to added NaOH), the pH drops as both CO2 dissolves into the liquid and CaCl2(aq) is
carbonated, both of which neutralize the excess NaOH. Once NaOH is completely neutralized, CO2(aq)
accumulates and hydrolizes, and the pH approaches that of carbonic acid. The amount of NaOH
added (2.6 vol.% of 1.0 M) was purposely not meant to be very large, as a goal is to minimize the
amount of NaOH needed for this process. Hence, when there is a high enough flux of CO2 into the
liquid, the NaOH is neutralized before all the calcium can precipitate as carbonate, hence the CCE in
Fig. 2 reaches a maximum limit well short of 100%. At even greater CO2 flow rate, and consequently
greater dissolved CO2, the CCE begins to drop as the carbonates can no longer precipitate at the low
pH.
At higher G/L two mechanisms can cause greater CO2 dissolution (i.e. faster CO2 flux (mol·m-2·s-1)
across the gas-liquid interface): (i) higher gas phase pressure, resulting from the higher pressure drop
at greater total flow rate going through the tube, and (ii) greater gas-liquid contact area, resulting from
formation of greater number of gas slugs and/or the elongation of gas slugs (and hence more gasliquid contact through the liquid film surrounding the gas phase [47]. Had more NaOH been used, the
CCE in Fig. 2 would have been expected to continue climbing, but at an added cost. What was
eventually found (more on this below), is that for a given NaOH concentration added, there is a value
of liquid and gas flow rates that allows 100% calcium conversion; that is, at such liquid and gas flow
rate, the NaOH only becomes fully consumed by the dissolving CO2 and released chloride ions once
all the calcium has precipitated. In our future modelling work, we will determine how this combination
of liquid and gas flow rates changes as the reactor is scaled-up.
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The electrical conductivity showed an opposite trend to CCE (Fig. 2). At low G/L ratio, more
precipitates were formed, causing the conductivity of the solution to decrease as ions are removed,
up to a minimum value. At higher G/L, the excess amount of dissociated carbonic acid and lack of
carbonate precipitation resulted in increasing conductivity.

According to Fig. 2, at a flow rate of 24.4 mL/min, the highest conversion efficiency was achieved in
this set of experiments: 63%. To optimise the process to obtain 100% CCE, at an elevated brine flow
rate of 30 mL/min, greater alkali concentration in solution is needed to balance the extra CO2 being
dissolved. It was found, according to Table 1, that when the NaOH volume (1 M solution) added to
the brine is 50 mL (3.2 vol.%), the CCE increased to 81.4%, compared to only 57.3% when using 40
mL NaOH (2.6 vol.%). Yet, the oultlet pH was still low, therefore, more alkali solution was added into
the brine, as Table 1 shows, and at 60 mL (3.8 v%) NaOH addition, 89.3% CCE was achieved, while
the outlet pH is relatively high at 11.23. This means that the amount of CO2 can still be increased
further (to achieve a closer to neutral outlet pH that is still supportive of carbonate precipitation).
Therefore, a higher flow rate of CO2 at 35 mL/min was selected, with 60mL NaOH (3.8 vol.%) in the
brine, and 100% CCE was achieved under this condition. The key to maximizing CCE of brine is to
balance the amount of alkali with the flux of CO2 from the gas slugs to the liquid film and plugs within
the tubular reactor.

Table 1 Conversion of Ca(aq) in experiments using various NaOH concentrations in the brine; CO2
flow rate was 30 ml/min, brine flow rate was 80 ml/min, and temperature was 50 °C.
NaOH solution (1M) volume

40 ml

50 ml

60 ml

NaOH solution (1M) concentration

2.6 vol.%

3.2 vol.%

3.8 vol.%

Ca(aq) conversion efficiency (%)

57.3

81.4

89.3

Outlet pH value

7.07

7.72

11.23
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It is also essential to investigate the effect of reaction temperature. The higher reaction temperature
can benefit the mass transfer of ions, and shifts the carbonate precipitation equilibrium towards the
product side, but it also reduces the solubility limit of CO2. The latter becomes a process limitation
when the rate of CO2 mineralisation is much faster than the rate of CO2 dissolution, in which case the
residence time in the reactor may not be enough to fully carbonate the available alkaline earth metal
ions. In the present system, with the liquid and gas flow rate at 80ml/min and 24.4ml/min, the CCE is
slight improved at 25 °C by 1.5%, which implies that greater CO2 solubility has a benefit over the
slower rate of carbonate crystallization at lower temperature. The more significant effect of
temperature was on the morphology and mineralogy of the carbonate particles.

The ATR-FTIR spectra of calcium carbonates is illustrated in Fig. 3 (a). The peak at around 1400 cm1

is the O-H bond asymmetric stretching vibration. The bands at around 1080 and 850 cm-1 are

assigned to the symmetric carbonate stretching and out-of-plate bending vibrations [48]. The
characteristic spectra of calcite is 713 cm-1 [49]. The products analysed were obtained at temperature
25 °C and 50 °C, and both contain calcite. The absorption band at 745 cm-1 is attributed to vaterite,
and the ones at 700 cm-1 and 713 cm-1 are indicative of aragonite [49]. These results suggest that the
precipitates formed at 25 °C are the mixture of calcite and vaterite, while at 50 °C they are calcite and
aragonite.

The XRD results in Fig.3 (b) identifies the different crystalline phases of calcium carbonates in the
diffractograms of the precipitates formed at different temperatures. The XRD results are in agreement
with the FTIR data. The strong peak at 29.4 ° is assigned to the 104 plane of the calcite, and the
products formed at both temperatures contain calcite. The reaction product formed at 25 °C revealed
calcite and vaterite, corresponding to DB card files 01‐078‐4615 (calcite) and 01‐074‐1867 (vaterite).
The quantitative analysis results indicated the component of various CaCO3 phases: calcite (42.8%)
and vaterite (57.2%) at 25 °C, and calcite (59.8%) and aragonite (40.2%) at 50 °C. Thus, it is observed
that the crystallization of CaCO3 is depended on reaction temperature, and more CaCO3 is
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transformed to calcite and aragonite at higher temperature due to these being more stable phases
compared to vaterite [50].

SEM images (Fig. 4) also showed the different morphologies of precipitated products obtained at 25
°C and 50 °C. The size of most of particle produced at 50 °C is smaller than those obtained at 25 °C.
Spherical vaterite particles are evident in the low temperature powder [51], while needle-like aragonite
is visible in the high temperature sample and cubic rhombohedral calcite particles are found in both
samples [52], though particle size of calcite clearly differs. The results of SEM imaging are in accord
with FTIR and XRD results.

3.2 Effect of slag addition to brine tank

In order to reduce the required amounts of NaOH in the brine, the industrial waste Blast Furnace (BF)
slag was added to the brine feed tank to transfer alkalinity to the brine and to concurrently offer extra
alkaline earth metal ions in the solution. The elemental components of the slag are shown in Table 2,
characterizing a material that is primarily an amorphous calcium silicate. First, coarse slag (2.75-4.25
mm) was mixed with the brine on the hot plate at 50 °C under magnetic stirring at 400 rpm for 1 hour.
ICP-OES analysis of the brine at this stage showed that 80 mg/L more calcium ions were added to
the solution. The particle size was chosen not to maximize slag dissolution, but rather to ensure that
slag particles remained in the feed tank rather than flow into the tubular reactor. This was achieved
by gently mixing the feed tank contents and placing the pump inlet tube high enough above the bottom
of the tank.

Table 2 Chemical composition of BF slag (wt. %), as determined by XRF analysis.
CaO

SiO2

MgO

Al2O3

TiO2

S

K2O

Na2O

Fe

Mn

38.9

36.8

12.6

10.2

1.33

1.22

0.46

0.34

0.29

0.23
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At the gas flow rates of 20 and 30 mL/min (Fig. 5), there is a little improvement for CaCO3 production
because the amount of alkali solution is enough to balance the introduced CO2. However, at the gas
flow rate of 40 mL/min, there is a relatively significant increase in CCE, which can be attributed to the
benefit of OH- introduction from Eqs. (7-8). The calcium oxide in the slag reacted with water forming
Ca(OH)2, and dissociating to Ca2+ and OH-. Even though the initial calcium concentration in the brine
is much higher (0.020 M) than that leached from the slag (0.002 M), and under these conditions only
partial carbonation is achieved, slag addition results in improved CCE (the CCE calculated only takes
into account the brine Ca(aq) concentration). This reveals that the influence of hydroxyl concentration
in the brine is stronger than that of Ca2+.

CaO
Ca OH

H O → Ca OH
↔ Ca

2OH

(7)
(8)

3.3 Effect of nickel nanoparticles addition

The objective of adding nickel nanoparticles to the alkalinised (NaOH-containing) brine was to
promote the CO2 hydration reaction. Fig. 6(a) shows the measured benefit of NiNPs addition (data
points are averages of triplicates). As previously illustrated, we need to control the pH value to be
higher than ~8 to promote the precipitation of CaCO3. At the brine-to-CO2 flow rate ratio of 80/23.15,
reacted at 50 °C, the CCE was 60.4% without NiNPs, and 66.5% with the addition of 30-ppm NiNPs
to the brine. Assuming a gas phase pressure of 125 kPa (average value between the outlet pressure
and the inlet pressure), the molar volume of CO2 in these experiments was 21.02 L/mol (a gas phase
temperature of 43 °C is used as measured at the slurry outlet, while the nominal 50 °C is the water
bath set-point temperature). Using the aforementioned volumetric flow rates of liquid and gas (80 and
23.15 ml/min), and the CCE values measured, it is thus possible to estimate the CO2 gas utilisation
efficiency (i.e. how much of the injected CO2 gas is converted to solid carbonate). The CO2 gas
utilisation efficiency (CUE) is calculated to be 87.8% without NiNPs and 96.7% with NiNPs. CO2
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uptake is 0.53g CO2 per litre brine without NiNP, and with the addition of NiNP it is increased to 0.59g
CO2 per litre brine under same condition. Full carbonation at 0.02 mol/L Ca(aq) requires 0.88g CO2 per
litre brine, while in these experiments 0.605 g CO2 per liter brine was available, hence CUE values
are high while CCE values are limited. The calculated CUE values are also confirmed by observing
and estimating the void fraction at the outlet of the tubular reactor. In the Supplementary Materials,
two videos are provided showing the slug flow pattern exiting the reactor with and without NiNPs,
under the following conditions: 80 ml/min inlet liquid flow rate, 23.15 ml/min inlet gas flow rate, 0.020
M CaCl2 inlet concentration, 2.6 vol.% NaOH (1 M), and 50 °C. In these two videos, the gas slugs are
short and the liquid plugs are very long, which is a visual confirmation that most CO2 dissolved into
the liquid phase, of which much precipitated as carbonate (i.e. high CUE).

At the CO2 flow rate of 20 mL/min (Fig. 6 (a)), due to the outlet pH being over 11 (Fig. 6 (b)), the
benefit of NiNPs is not seen. At the CO2 flow rate of 30 mL/min, where the pH is below optimal, and
more so with NiNPs, the CCE is even lower with NiNPs than without nickel nanoparticle. It was
between roughly from 21 to 26 mL/min that the reactions with NiNPs showed advantage to mineralize
more CO2. The pH curves (Fig. 6(b)) suggest that NiNPs maintain a lower brine pH value during
reaction compared to the control conditions, and this effect is predominant in the range where the
best CCE values were obtained (Fig. 6 (a)). (see Fig. 6(b)). In the absence of NiNPs, the pH shift is
more gradual up until the buffering capacity of the solution is lost. Dissolved CO2 in the form of H2CO3
may lose up to two protons through the acid equilibria, and while the dissociation of proton is an
instant reaction [31], the kinetics to form H2CO3 from CO2(aq) are relatively slow. The hydroxyl groups
that form on the surface of NiNPs act to accelerate the CO2(aq) hydration reaction [39], leading to
more rapid acidification, and in this case of the tubular reactor and its relatively short residence time
(~4 min), this results in lower pH of the carbonating brine even before its buffering capacity, from the
alkalinisation, is spent.

Fig. 7 shows the TGA and DTG data of obtained precipitates with and without NiNPs. Although the
samples were dried, a 1 wt% mass loss observed before 200 °C, corresponding to the loss of water.
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From 200 °C onwards the sample masses remain stable until 620 °C, after which CO2 mass is lost
and the DTG peak occurs at 800 °C. The measured mass loss from both samples essentially equals
the theoretical mass of 44 wt.% of pure CaCO3 into CaO, indicating that both samples have high
levels of PCC purity. This set of data indicates that NiNPs has no effect on the thermal stability of the
precipitated carbonates.

The CO2 mineralisation with and without NiNPs was also studied at a lower temperature of 25 °C. Fig.
8 illustrates the XRD diffractograms of the obtained precipitates. In the presence of NiNPs, calcite is
the only crystalline phase present, compared to a mixture of calcite (42.8%) and vaterite (57.2%)
without NiNPs. This indicates that an additional benefit of NiNPs may be more mineralogically
homogeneous PCC (similar effect observed in the subsequent Section 3.4), perhaps with the
nanoparticles aiding in the nucleation/crystallization of the more stable polymorph. A possible role of
NiNP in determining preferred formation of CaCO3 polymorphs may be linked to the activity product
(AP) of the activity of calcium ions (aCa^2+) and the activity of carbonate ions (aCO3^2-), as discussed by
Kawano et al. [53]. In the present experiments, the activity of Ca2+ is highest at the inlet, while the
activity of CO32- will be low throughout since CO2 gradually dissolves in the liquid as is rapidly
consumed by carbonation. Hence, AP would be expected to be highest at the inlet, and lowest at the
outlet. When AP is higher (according to Kawano et al. [53]), there is greater likelihood for aragonite
or vaterite to form, while calcite would be preferred as AP decreases. NiNPs might be aiding calcite
to be preferably forming by keeping CO32- ions on its surface until Ca2+ reacts with it (similar to the
CO2 hydration mechanism of NiNPs originally proposed by Bhaduri and Šiller [39]), thus reducing the
activity of carbonate ions in solution, and hence reducing the AP. This hypothesis deserves further
investigation in the future.

3.4 Effect of residence time in tubular reactor
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The residence time (defined as ratio of reactor volume over total volumetric flow rate) is a significant
parameter that affects the reaction conversion, and also determines the capacity of a reactor. The
effect of residence time was studied at 50 °C, at the volumetric flow rate ratio (ml/ml) of L/G equalling
to four, ranging from 40/10 (longest residence time) to 320/80 (shortest residence time). The L/G
ratios were set at 40/10, 80/20, 160/40, and 320/80. Residence time thus ranged, in reverse order,
from 1.02 min to 8.20 min. Collected data in Table 3 shows the residence time decrease lead to
moderate decline of CCE; experimental conditions for this set of experiments were chosen to result
in partial conversion (i.e. less than stoichiometric CO2 availability), to study the effect of residence
time under conditions with high enough pH for carbonate precipitation (i.e. so pH is not a limiting factor
for CCE). The CCE with NiNPs addition remained essentially constant with varying residence time,
which suggests that the CO2 mineralisation reaction with catalyst may reach equilibrium in a shorter
time, due to improved CO2 hydration; this hypothesis should be tested in the future by reactor
modelling.

Table 3 Ca(aq) conversion efficiency with and without NiNPs as a function of residence time.
L/G ratio
40/10

80/20

160/40

320/80

Residence time (min)

8.20

4.10

2.05

1.02

Control CCE (%)

55.8

54.4

51

51.3

With NiNPs CCE (%)

52.8

53.3

52.5

52.2

(mL·min-1/mL·min-1)

The morphologies of precipitates obtained at various residence time, with and without NiNPs, were
detected with SEM analysis. From Fig. 9, the crystal phase without NiNPs transfers from aragonitic
(needle-like) to calcitic (cubic) with shorter residence time, which indicates that the shorter residence
time can promote more uniform product. With NiNPs, though the CCE of the reactions are very similar,
the morphologies were clearly different. Only calcite is observed under the L/G ratio of 160/40 with
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NiNPs (Fig. 10 (b)), unlike in the absence of NiNPs (Fig. 9 (b)), which means the crystallisation
process preferentially forms the most stable polymorph phase with NiNPs, even when the residence
time is longer, which can help with less stable phases co-forming.

The crystalline components obtained at the L/G ratio of 160/40 was analysed by XRD (Fig. 11), and
the results show that calcite (94.4%) is the major crystalline phase of the sample prepared with NiNPs.
The remaining sample mass being the nickel nanoparticles (Ni) [38], due to partial incorporation of
catalyst particles with the carbonate precipitate. The sample prepared without NiNPs was more
heterogeneous, containing calcite (66.9%) and aragonite (33.1%) as illustrated in Fig. 9 (b).

3.5 Effects of other salts in brine

There is a high concentration of sodium chloride in desalination brine, so it is necessary to explore
the effect of other salts on the CO2 mineralisation reaction in the tubular reactor. In the presence of
0.8 M NaCl, the salt caused a slightly CCE decrease of about 5%, and one possible reason maybe
the solubility of CaCO3 increases with adding NaCl [54].

The SEM, XRD and TGA/DTG results are shown in Fig.12 (a-c). NaCl addition affected the precipitate
morphology and quantitative distribution of crystalline phases. Precipitates obtained under control
conditions and with NaCl are both mixtures of calcite and aragonite, but the calcitic content increased
from 40.2% to 64.7% with NaCl addition, and the aragonitic particles were larger in the presence of
NaCl. From the results of TGA/DTG analysis (Fig. 12 (c)), the CO2 mass loss in the temperature range
of 630 °C to 800 °C occurs sooner for the sample prepared with NaCl, as indicated by the DTG peaks
of the control experiment and the one with NaCl occurring at 794 °C and 745 °C, respectively. The
mechanism behind the shift in decomposition temperature requires further study.
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At the process condition, aforementioned in section 3.1, that resulted in 100% CCE (with 35 ml/ml
CO2 flow rate), MgCl2 was added at a concentration of 0.012 M (as found in desalination brine also
containing 0.020 M CaCl2), and the CCE dropped to 83% (Table 4). Increasing CO2 flow rate from 35
mL/min to 50 mL/min, CCE decreased further to 78%. In term of mineralisation, Ca2+ and Mg2+ will
compete with available carbonate anions for precipitation. However, magnesium carbonates are not
as readily formed compared to calcium carbonates due to the difference in ionic radius [49]; the radius
of Mg2+ is smaller than that of Ca2+, so waters of hydration are more strongly attached to Mg2+, slowing
the carbonation reaction. At the higher gas flow rate, the CCE decreased to 78% also due to lower
pH value (Table 4).

Table 4 CO2 mineralisation experiments with MgCl2 added to alkalinised CaCl2 brine, compared to
control.
CO2

flow

rate MgCl2 (M)

Mineral phases

CCE

Outlet pH

35

NA

--

100%

8.0

35

0.012

calcite

83%

9.5

50

0.012

calcite/aragonite

78%

7.0

(mL/min)

Comparing the particle morphologies of two samples formed in the presence of MgCl2 by SEM (Fig.
13 (a) and (b)) uniform calcite is seen at CO2 flow rate of 50 mL/min, while brucite (Mg(OH)2) particles
can be seen in the samples formed at lower CO2 flow rate of 35 mL/min. The outlet pH of slurry from
35 mL/min and 50ml/min experiments was 9.5 and 7.0, respectively. At flow rate of 35 mL/min with
MgCl2, the outlet pH of 9.5 is higher than in absence of MgCl2, which means it forms Mg(OH)2 and
does not produce carbonates. It is observed that the solution turned to milky by adding MgCl2, and
that is a sign of Mg(OH)2 formation. Therefore, more CO2 is needed to produce acidic solution to keep
Mg2+ in solution. This can be detected from the FTIR analysis (Fig. 14 (a)), where the spectrum peak
at 3698 cm-1 is assigned to the O-H band in crystal structure [55], and the TGA/DTG analysis (Fig. 14
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(b)), where brucite decomposes in the temperature range of 300 to 400 °C) [56]. There was no
hydroxyl group appearing in the 80/50 ratio sample, and its thermal decomposition was indicative of
only calcium carbonate being present, which means neither magnesium hydroxide nor carbonate
were formed with increasing CO2 flow rate, though it is possible the magnesium co-precipitates with
calcium to form magnesian calcite [57], which is not easily identifiable by SEM, TGA, FTIR or XRD
(diffractogram indicative of only calcite and aragonite; not shown).

Conclusions

This study focused on the utilisation of CO2 with desalination brine in a tubular reactor. This
continuous reactor design can be suitable as a means of sequestering CO2 at large-scale application
through the removal of alkaline earth metal ions from brine by forming stable solid carbonates.
Additional CO2 that dissolves in the brine is also a form of CO2 capture, but does not constitute CO2
sequestration since this CO2 can degas when the brine equilibrates with the atmosphere or the oceans
upon disposal; further analysis is needed to verify if this captured CO2 can be safely stored in oceans.
In the present reactor, the L/G ratio at 80/35 with 3.8 vol.% NaOH (1 M) can achieve 100% CCE of
simulated brine containing 0.02 M CaCl2. The precipitates were confirmed to be calcium carbonates
by XRD and TGA analyses. The SEM images and FTIR peaks can also detect the polymorphs of
CaCO3. The polymorph composition depended on the pH, temperature, residence time and salts
addition. The advantage of BF slag addition was that higher CCE can be obtained, an effect that could
also be exploited under conditions that result in complete conversion to reduce the amount of alkali
needed. The catalyst NiNPs can improve the rate of mineralisation process with a low concentration
of 30-ppm, and CCE can be increased up to 10% under certain process conditions. The precipitates
produced with catalyst favoured stable crystalline phase of calcite, with a slight amount of nickel
detected in the carbonates; the mechanism of NiNPs in favouring crystal habit can be subject of future
research and have application beyond brine carbonation.
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The choice of using NiNPs in aqueous carbonation reaction depends on the ability to recover and reuse the nanoparticles, or embed them within a fixed support within the reactor, and this is an area of
ongoing research. In the present study, simulated brine was used to perform experiments; real
desalination brine could result in unpredicted effects of carbonation kinetics, conversion or product
quality, thus should be studied in future using the developed tubular reactor process. Future research
is also needed to model the tubular reactor brine carbonation process to enable scale-up of the
technology, and quantitative determination of the reaction kinetics and mass transfer mechanisms.
Alternative chemical additives to replace NaOH that are easily recoverable, or a process to recycle
NaOH from the aqueous filtrate, is also required to develop an economically viable process for largescale application.
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Fig. 5 Effect of slag addition with various liquid/gas flow rate ratios (ml/ml). The experiments were
conducted with 2.6 vol.% NaOH solution and reaction temperature was 50 °C.
Fig. 6 Ca2+ conversion efficiency (a) and outlet pH (b) varied with and without NiNPs catalyst;
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Fig. 9 The SEM images of precipitates obtained at various residence times by varying liquid to gas
volumetric flow rate ratio at (a) 40/10 (b) 160/40 (c) 320/80. Experiments were conducted at 50 °C
with 2.6 vol.% NaOH.
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Fig. 10 SEM images of precipitates obtained at with catalysts at various residence times, liquid to
gas ratio at (a) 40/10 (b) 160/40 (c) 320/80. Experiments were conducted at 50 °C with 2.6 vol.%
NaOH.
Fig. 11 XRD patterns of products formed at liquid to gas volumetric flow rate ratio of 160/40, with
(top) and without (bottom) NiNPs.
Fig. 12 SEM image (a), XRD patterns (b), and TGA/DTG analysis (c) of the precipitates formed in the
presence of NaCl (compared to control without NaCl).
Fig. 13 SEM images (a) 80/35 (b) 80/50 of precipitates formed under different CO2 gas flow rates
(35 and 50 ml/min) with alkalinised brine (80 ml/min) containing MgCl2 (0.012 M).
Fig. 14 FTIR spectra (a) and TGA/DTG analysis (b) of precipitates formed under different CO2 gas
flow rates (35 and 50 ml/min) with alkalinised brine (80 ml/min), with and without MgCl2 (0.012 M).
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