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Abstract 

Conventional production methods of aragonite production utilize chemical inducers to 
promote the evolution of the calcite crystalline phase to the aragonite phase of calcium 
carbonate. The chemical inducers used require a considerable amount of magnesium chlo-
ride (MgCl2) to induce crystallization, which is a major operational cost. Application of 
such materials in large amounts can be a deterrent to achieving a sustainable and econom-
ically feasible end-product derived from carbon dioxide (CO2) molecules. A number of 
previous research works focused mainly on optimizing the usage of MgCl2 or introducing 
alternative chemical inducers for aragonite production. In this work, we are proposing the 
usage of natural seawater as it is a naturally available and abundant resource to induce 
the synthesis and continuous production of aragonite compounds. Due to inconsistent 
quality and salinity of the natural seawater sampled, harvested, and dried, Red Sea Salt is 
utilized, blended at 33 g/L throughout the laboratory experiments for better statistical con-
trol, and is referred to as blended or artificial seawater. A methodology of utilizing sea-
water, which has a considerable concentration of MgCl2 compound, can be utilized as a 
sustainable, natural, and economically feasible natural inducer to synthesize aragonite has 
been developed by utilizing artificial seawater for laboratory proof of concept. The main 
effects identified for the optimization of aragonite synthesis are lime (CaO) feedstock con-
centration in seawater, reaction temperature, and reaction duration. The experiment re-
sults indicated that only by increasing temperature and reaction duration, or both, can the 
aragonite yield be increased. It is suggested that the range of operation to obtain > 80% 
aragonite purity has been identified with the reaction temperature at 90 °C, reaction du-
ration of 10 min, and CaO concentration in seawater at 1 g/L. The quality of the aragonite 
synthesized via seawater is characterized using XRD, ICP, FESEM, and TGA, and com-
pared with aragonite particles synthesized using MgCl2 inducers. In comparison, sea-
water aragonite has lower residual alkalinity compared to both calcite and aragonite via 
MgCl2 and has a mixture of predominantly needle-shaped crystalline structure and rem-
nants of cubic-shaped particles, presumably calcite, suitable for application in food, bev-
erages, and pharmaceuticals (calcium antacids, nutritional supplements, chewable, loz-
enges). 
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1. Introduction 
Carbon dioxide (CO2) is a major anthropogenic greenhouse gas that affects the heat 

radiation balance of the Earth, where increased CO2 concentrations across the globe are 
one of the main drivers for global warming phenomena [1]. Consequently, an increase in 
CO2 emissions resulting from the use of fossil fuels will continue to raise serious concerns 
in relation to its greenhouse effect, and as a result, there is a tremendous need to reduce 
CO2 accumulation. Based on pre-industrial emission levels, the current global CO2 emis-
sions would have to be reduced by at least 50% to limit the global average temperature 
increase to below 2 °C by 2050, but remains a huge challenge as Carbon Capture, Utiliza-
tion and Sequestration CCUS technology is still in a developmental stage [2–5]. CO2 con-
version refers to its transformation to chemically different form of molecular structure that 
contain the carbon of CO2 or that makes use of active “oxygen atom” from CO2. The main 
CO2 utilization routes are commonly classified into three groups: chemical, mineralization, 
and bio-based routes [6–10]. As an option, CO2 gaseous emissions can also be effectively 
utilized through mineralization conversion pathways to form various products or car-
bonate precipitates, as it is a thermodynamically favorable reaction where a variety of 
feedstocks, such as natural silicate ores and alkaline solid wastes, can be utilized to react 
with CO2 [11,12]. According to Ghiat, I. et al. (2021) [13], mineralization can be achieved 
through four main approaches which are firstly, direct carbonation, i.e., the reaction of 
CO2 with alkaline slurry or mixture in a single reactor; secondly, indirect carbonation, i.e., 
the extraction of ions of interest for the production of high-purity chemicals such as CaCO3 
and K2SO4 via multiple steps; thirdly, carbonation curing such as the use of CO2 for curing 
of cement-based materials to enhance their strength and durability; and lastly, electro-
chemical mineralization. However, Zhien Zhang et al. [14] are of the opinion that signifi-
cant technological breakthroughs are required before deployment in a cost-effective man-
ner can be realized for mineral carbonation technology, which includes a robust novel 
reactor design, process intensification, heat integration, and system optimization. 

On the upside, the aragonite crystalline phase of CaCO3 has the potential to become 
a valuable filler/extender material for the production of paper, paints, plastics, food, phar-
maceuticals, and cosmetics. The synthesis of high-purity aragonite with controlled crys-
tallographic and morphological characteristics is highly crucial for the calcium carbonate 
specialty products specification [15–21]. However, the application of such chemical induc-
ers, such as MgCl2, in large amounts can be a deterrent to producing a sustainable and 
economically feasible chemical end-product derived from carbon dioxide CO2 molecules, 
as pointed out by Giannolakis et al. (2014) [22] and Sanna et al. (2014) [23]. Hence, a num-
ber of previous studies had already acknowledged the necessity of reducing the usage of 
chemical inducers such as MgCl2 in aragonite production. In view of this, a study to syn-
thesize aragonite crystals using artificial or natural seawater as a replacement for magne-
sium chloride is hereby proposed. The design of the experiment to evaluate parameters 
pertaining to the optimization of seawater-aragonite yield was undertaken by varying the 
parameters studied, such as flow rate, reaction temperature, lime feed concentration, and 
reaction time. The mineral carbonate precipitates from these experiments were recovered, 
dried, and characterized to determine the properties and characteristics of the seawater 
aragonite. Focus is also given to ascertain whether any such undesirable physical, chemi-
cal, or physicochemical properties deviation took effect from the substitution of MgCl2 by 
artificial or natural seawater. 
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2. Literature Review 
2.1. Natural Aragonite Formation in Seawater 

Seawater is a natural and sustainable earth resource and cheaper than most chemical 
solvents. Interestingly, seawater has an alkalinity of between pH 8.0 and 8.2 with an abun-
dant ionic content of Ca2+ and Mg2+, an excellent starting material to react with CO2 via the 
mineral carbonation pathway to form carbonate end products [24]. Biogenic aragonites 
crystalline phase exists naturally in the environment, as pointed out by Berner (1975) [25], 
and mainly consists of naturally occurring coral skeletons, containing organic molecules, 
including proteins, glycoproteins and polysaccharides as further elaborated by Alvarez et 
al. (2024) [26], Cuif et al. (1999) [27], Dauphin (2004) [28] and earlier by C.L. Christ et al. 
(1970) [29]. These organisms usually produce CaCO3 minerals at specialized calcification 
sites and increase the pH of the calcification medium to promote mineral formation, as 
studied by Al Horani et al. [30] and Liu et al. [31]. In these natural environments, the main 
physicochemical parameters controlling the precipitation rates of CaCO3 minerals are the 
degree of supersaturation of fluid, the temperature and the presence of additives such as 
amino acids influencing CaCO3 nucleation, growth, morphology and types of polymorph 
synthesized as reported by Wolf et al. (2007) [32], Picker et al. (2012) [33], Montanari et al. 
(2016) [34], Stepic et al. (2020) [35], and Fang et al. (2023) [36]. These studies agreed that 
the main factor influencing aragonite precipitation is the CaCO3 saturation state of sea-
water (Ω), which is a function of calcium and bicarbonate ions [Ca2+], [CO32−] and the sol-
ubility product (Ksp), which depends on temperature, salinity, pressure, and is mineral 
specific, as concluded by Mucci (1983) [37]. Nevertheless, the role of bicarbonate is still 
considered unclear at this point in time, as stated by Wolthers et al. (2012) [38]. 

2.2. Role of Magnesium in Aragonite Formation 

It is also well documented in the literature that magnesium exerts a significant influ-
ence on calcium carbonate crystallization, and that aragonite typically crystallizes in pref-
erence to the thermodynamically stable polymorph calcite, only when the magnesium 
Mg2+ concentration is sufficiently high, as reported by Zhien Zhang et al. [39]. Additionally, 
Katz [40], along with Plummer and Mackenzie (1975) [41], predicted that the most stable 
calcite in Ca-Mg exchange equilibrium with seawater contains between 2 and 7 mole per-
cent of MgCO3 in solid solution. Earlier, R.A. Berner (1967) [42], suggested that the rate 
inhibited by magnesium in seawater is due to its incorporation within the calcite crystal 
structure during growth, which causes the resulting magnesian-calcite to be considerably 
more soluble than pure calcite. While it is widely established that Mg2+ is known to favor 
the synthesis of aragonite at high concentrations as mentioned by Park et al. (2008) [43] in 
which a number of theories have been proposed to explain this observation such as the 
calcite poisoning model, inhibition of calcite nucleation, adsorption at the growth site, 
distortion of the calcite lattice, change of the surface charge, and the kinetic problem of 
cation dewatering as previously reviewed by Nancollas et al. [44]. Nevertheless, the exact 
role that Mg2+ plays in the precipitation of aragonite as opposed to calcite is still not firmly 
understood and is still widely a subject of debate. The most commonly expressed idea is 
that Mg2+ inhibits the growth site of calcite and therefore allows aragonite phase to crys-
tallize rapidly as pointed out by Bischoff, 1968 [45]; Bischoff and Fyfe, 1968 [46]; Berner, 
1975 [25]; Fernández-Díaz et al., 1996 [47]; De Choudens-Sánchez [48]. Thus, Mg2+ gener-
ally inhibits calcite growth by “poisoning” the growth sites on the calcite crystal faces by 
Mg2+ ions, which are more strongly hydrated than calcium ions, as pointed out by Mel-
drum (2003) [49] and J. Erez et al. (1978) [50]. In terms of molecular simulation work, Wen-
Hao Sun. et al. [51] discovered that the incorporation of Mg2+ on the calcite surface drasti-
cally inhibits calcite nucleation. Surface energies, which are obtained from Discrete 
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Fourier Transform DFT computations of hydrated calcium carbonate surface slabs with 
partial Mg2+ substitution on calcium sites, are shown in Figure 1 below. The kinetic phase 
diagram study showed that at an Mg/Ca ratio of 5.2 in modern seawater, only aragonite 
is preferentially nucleated. In contrast, concurrent nucleation of calcite and aragonite oc-
curs over a broad range of supersaturation near Mg/Ca = 2, which potentially yields bru-
cite or hydro magnesite as well. 

The use of alkali-based minerals to improve the CO2 dissolution in seawater has been 
investigated by Li et al. (2018) [52], while Kim et al. (2016) [53] experimented with mineral 
carbonation using seawater with paper sludge ash and reported that, by using seawater, 
greater CO2 uptake capacity was observed than by using ultrapure water. Soda ash waste 
can also be utilized to control the Ca/Mg ratio and play a major role in decalcification and 
CO2 fixation, as demonstrated by Y. Zhao et al. (2017) [54–57], while H.K. Bharadwaj et al. 
(2013) [58] worked on utilizing magnesium hydroxide from a coal-fired plant for the CO2 
dissolution and fixation process and using a bipolar membrane electrodialysis, T. Chen et 
al. (2022) [59] were able to utilize magnesium from seawater for carbon capture, while La 
Plante et al. [60] proposed a seawater CO2 sequestration system that manipulates the DIC 
equilibria by introducing electrochemical intervention to disrupt pH equilibria in the min-
eralization system. 

 

Figure 1. Dimensionless log10 steady-state nucleation rates of calcium carbonate polymorphs at 
25 °C are plotted (color-coded) as a function of nucleus surface energy and the bulk driving force 
for nucleation. Inhibition of calcite nucleation upon Mg2+ uptake is primarily due to an increase in 
the surface energy rather than a reduction in bulk driving force from increased solubility [53]. 

2.3. Effect of pH, Temperature and Other Factors in Aragonite Formation 

Additionally, Omara et al. (2009) [61] studied the role of pH in changing the level of 
supersaturation by seeding seawater with calcium carbonate (calcite) at different initial 
pH values. They concluded that the level of supersaturation can be manipulated by chang-
ing the pH and the temperature of seawater to promote the crystallization of calcium car-
bonate in seawater. Detailed experimentations on the precise temperature range resulting 
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in aragonite formation were reported as early as 1928 by Suganuma [62], suggesting that 
calcite phases are usually formed at <50 °C, while aragonite phases are formed when tem-
perature T > 50 °C. Later, Goto (1961) [63] reported that aragonite formed when the tem-
perature T > 60 °C, while Roques and Girou (1974) [64] experimentally demonstrated that 
the CaCO3 phase transitioned from vaterite to calcite and, finally, to aragonite as the tem-
perature T was increased from ambient conditions. Chakrabarty and Mahapatra (1999) 
[65] found that vaterite forms at T < 15 °C, calcite forms at room temperature, and arago-
nite forms at T > 70 °C. Supporting this argument, Nebel and Epple (2008) [66] proposed 
from their work that vaterite precipitates at low T, calcite at room T, and aragonite at high 
T. Recently, Chen and Xiang (2009) [67] reported that vaterite forms between 30 and 40 °C, 
and that at 50 °C and above, aragonite precipitation increased. The effect of temperature 
and incorporation of Mg2+ in aragonite was experimentally investigated by Mavromatis et 
al. (2022) [68] as a function of mineral growth rate at 5, 15, and 25 °C using the constant 
addition technique, and was found to be the major parameter affecting the Mg-partition-
ing coefficient. The utilization of waste material, such as fine recycling concrete waste 
FRCW was demonstrated by Peiliang Shen et al. (2023) [69] via a wet carbonation method 
to produce aragonite whisker-rich materials, where magnesium ions are chosen to pro-
mote the aragonite nucleation during the carbonation process. 

Utilizing physical treatment, such as ultrasound under high power, Xiao et al. (2024) 
[70] observed that such procedures promote aragonite formation, while the usage of mag-
netic field treatment also enhances aragonite precipitation, with its content increasing 
with field strength. In terms of reactor development, Noh, MGM et al. (2025) [71] success-
fully investigated methods for synthesizing aragonite crystalline particles using a contin-
uous mineral carbonation reactor system and optimized its operating parameters, estab-
lishing an experimental design to identify the main effects and maximize aragonite pro-
duction using MgCl2. In another pilot-plant scaling-up study, Ellyta Sari et al. (2024) [72] 
investigated the synthesis of aragonite via low temperatures at 30 °C and 55 °C with the 
addition of 50 and 75 g/L of ammonium chloride, NH4Cl, as a chemical inducer. 

2.4. Theory 

Classical mineral carbonation using seawater, as reported by Dami Kim et al. (2016) 
and Hsing-JH et al. (2023) [55,73], is based on the equilibrium described by Equations (1)–
(9), which form the building blocks for the reaction steps of the CO2 carbonation process 
pertaining to aragonite synthesis using magnesium as a chemical inducer. These reaction 
steps are adopted for seawater mineral carbonation as described below: 

Ca(OH)2(s) + MgCl2(aq)[from seawater] <==> Mg(OH)2(s) + CaCl2(aq) 

Ca(Cl)2(aq) + H2CO3(aq) + Mg(OH)2(s) <==> CaCO3(s) + MgCl2(aq) + 2H2O 
(1)

CO2 absorption 

CO2(g) <==> CO2(aq) (2)

Hydration of dissolved CO2 

CO2(aq) + H2O <==> H2CO3(aq) (3)

Reaction of hydroxyl ions with dissolved CO2 in the case of high pH of the solution 

CO2(aq) + OH− (aq) <==> HCO3−(aq) (4)

HCO3−(aq) + OH−(aq) <==> CO32−(aq) + H2O (5)

Dissociation of calcium hydroxide 
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Ca(OH)2(aq) <==> Ca2+ + 2OH−(aq) 

Ca(OH)2(s) + Mg2+ + 2Cl−(aq) <==> Mg(OH)2(s) + Ca2+(aq) + 2Cl−(aq) 
(6)

Complete Precipitation 

Ca(Cl)2(aq) + CO32−(aq) + H2O+ Mg(OH)2(s) <==> CaCO3(s)+ MgCl2(aq)+ 2H2O (7)

In terms of reaction kinetics, carbonate precipitation reactions are characterized by a time-
scale, as proposed by Mitchell et al. [74]. Under well-mixed conditions (i.e., free of mass 
transport limitations) at 25 °C and at 1 atm, the equilibrium described by reaction 8 
reached equilibrium within a 5.0 × 10−11 s time frame. 

CO2(g) <==> CO2(aq) (8)

The aqueous species H2, CO3, HCO3−, and CO32−, as described by reactions (9)–(11), reach 
equilibrium within a 10−2 s order of magnitude. 

CO2(aq) + H2O <==> H2CO3 + HCO3−(aq) (9)

H2CO3 <==> H+ + HCO3−(aq) (10)

HCO3−(aq) <==> H+(aq) + CO32−(aq) (11)

However, the equilibrium with respect to the precipitation of Ca2+ (i.e., reactions (12) and 
(13)) is reached only on the timescale of 10 3s, which corresponds roughly to between 10 
and 20 min. 

Ca2+(aq) + CO32−(aq) <==> CaCO3(aq) (12)

CaCO3(aq) <==> CaCO3 (s) (13)

Hence, aragonite formation is not instantaneous but requires a lag period that reflects de-
lays in the nucleation step. Celleste Kellock et al. (2022) [75] reported a lag period of up to 
1800 s or 30 min, which occurred for aragonite precipitation in both natural and artificial 
seawater under various experimental conditions. In this work, we attempt to develop a 
design of experiment establishing the main factors and effects, yield parameters such as 
the kinetics of reaction or aragonite lag period, optimization, and product characterization 
for the synthesis of aragonite using seawater as a natural inducer in a continuous mineral 
carbonation reactor. 

3. Materials and Methods 
3.1. Experimental Setup 

The laboratory setup shown in Figure 1 below is designed and constructed to inves-
tigate and optimize the effects of solution temperature T, Mg-to-Ca ratio r, and reaction 
duration t in order to maximize aragonite yield. The setup consists of a 0.8 L high-pressure 
tubular reactor vessel (3), feedstock tank (1), mechanical liquid recirculation system (2), 
heating plate and level controller (5), CO2 gas compressor, and a high-pressure CO2 gas 
pressure regulation and metering system (4). A lime solution with artificial seawater, pre-
pared in accordance with the procedure below, formed a slurry feedstock, which is sub-
jected to continuous recirculation in the feedstock tank (1). The visual of the setup is 
shown in Figure 2 below. 
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Figure 2. Laboratory setup for aragonite synthesis from lime solution and artificial seawater at 33 
g/L concentration. 

3.2. Procedure Using Continuous Mineral Carbonation Reactor 

The artificial seawater is prepared using a 33 g/L concentration blend of Red Sea salt 
[76]. The Red Sea salt blend is a naturally harvested salt from the Red Sea, with a salt 
composition compared to a typical seawater [77], as shown in Table S1 in the Supplemen-
tary Material S1. 

The Red Sea salt is slowly dissolved into deionized water until the concentrations of 
Ca2+ are in the range of ~400 ppm, while Mg2+ reaches the range of ~1100 ppm. Subse-
quently, lime CaO is added into the artificial seawater solution at 1 g/L and 5 g/L blends 
to form a slurry feedstock with the pH of the solution stabilizing between pH 12.2 and pH 
12.4. Then, the blend is transferred into the feedstock tank and heated to the target tem-
perature of 30 °C and 90 °C. CO2 feed gas is injected into the reactor until the desired 
starting pressure is reached, between 10 and 20 bar. The test rig starts up with the injection 
of slurry feedstock at a constant flow rate between 20 mL/min and 120 mL/min to allow 
the reaction time of between 1 min and 10 min for the slurry feedstocks to take place in 
accordance with the design of experiment running condition established. Subsequently, 
the slurry solution is continuously flowed out via the bottom liquid ejector at a controlled 
flow rate after a pre-determined retention time has been achieved by the slurry reactant 
feedstock in the reactor. Fully reacted product forms a whitish precipitate, which is recov-
ered until the required volume or mass balance is achieved. The artificial seawater, which 
has been utilized in the reaction above, is referred to as spent seawater, and the solid pre-
cipitates formed after the reaction were separated via vacuum filtration. The solids were 
analyzed using microscopy imaging (FESEM), X-ray diffraction (XRD), inductively cou-
pled plasma (ICP), and thermogravimetric analysis (TGA). As for baseline or reference 
datasets, these tests were repeated, but with the feedstock switched to a lime (CaO) solu-
tion with MgCl2 as a chemical inducer for aragonite synthesis. 

3.3. Analytical Equipment Settings 

The primary analysis in this study, the XRD diffractogram, was obtained using the 
Bruker D8 Advance model (Diffrac Plus EVA, Bruker Physik-AG, Karlsruhe, Germany), 
equipped with a copper tube anode. The one-dimensional fast Lynk-Eye detection is set 
with the °2Θ range locked between 5° and 80°, a step size of 0.025°, and a step duration of 
0.3 sec/step. All diffractograms were analyzed using Diffrac Plus EVA. The relative 
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concentrations of aragonite, calcite, and other related minerals in the sample are deter-
mined by quantitative analyses using the following established method, as reported by 
Dickinson et al. (2001) [78]. Expanding the basis for quantitative analyses, it was estab-
lished that the aragonite phase has the greatest peak (111) at °2Θ = 31, and the other prom-
inent peaks (200) at °2Θ = 36, (130) at °2Θ = 38, and most importantly (221) at °2Θ = 45 as 
a secondary signature indicator of the presence and abundance of aragonite as a mono-
crystalline phase of calcium carbonate. Calcite has a prominent peak of (104) at °2Θ = 34 
to the right of aragonite’s (111) peak. Nevertheless, the prominent aragonite peak dwin-
dled when aragonite content goes below 25%, and quantitative detection can be mislead-
ing if not properly interpreted. By using the aragonite (221) peak as an alternative indica-
tor to the abundance of aragonite, a comparative ratio with the calcite (104) peak can be 
performed. In addition, the particle size analysis (PSA) was carried out using the Malvern 
Mastersizer 3000E Particle Size Analyzer (Malvern Panalytical Ltd., Malvern, UK) to de-
termine the particle size distribution using the wet method. The ionic concentration in the 
spent liquid reactant was analyzed using the ICP-OES Avio 550 (Perkin Elmer, Shelton, 
CT, USA) and the APHA Method 4110B: Standard Methods for the Examination of Water 
and Wastewater. The pH analysis was carried out in accordance with the APHA 4500H+. 
At the same time, the determination of fluoride, chloride, nitrite, nitrate, bromide, phos-
phate, and sulphate was conducted in accordance with the APHA4110B after leaching by 
the distilled water method. The equipment utilized for this analysis is a Rigaku Nex-CG 
Energy-Dispersive X-ray Fluorescence Spectrometer (Rigaku Corporation (Tokyo), Aki-
shima-shi, Japan). The sample preparation for both aragonite from seawater and MgCl2 
underwent an oxide infusion procedure at high temperature to improve the accuracy of 
the elemental detection for powder and non-homogeneous types of samples using in-
house standard procedures. The rationale for utilizing this technique is to eliminate par-
ticle size and mineralogical effects for consistent results and enable broad concentration 
range analysis. The reported values are in oxide weight percentage. For both seawater 
aragonite and MgCl2-aragonite, they are strictly for comparative elemental abundance of 
major elements and contaminants and should not be taken as absolute. 

3.4. Design of Experiment 

A Two-Level Full Factorial Design was chosen to initiate a simplified design of ex-
periment methodology to briefly establish the main factors and effects and establish the 
optimized range dominantly affecting the purity of aragonite crystal synthesized in this 
study. The test consists of randomized runs to evaluate three experimental parameters, 
each at two levels (a high level and a low level) with three replicates, totaling 24 runs. The 
parameters under investigation are as follows: (1) Temperature: 30–90 °C, (2) Concentra-
tion of CaO in seawater: 1 g/L and 5 g/L, and (3) Reaction time: 1 and 10 min. The 24 
experimental runs are randomized as shown in Table S1 in the supplementary section to 
cover the three factors, with the response measured as a percentage of aragonite crystal 
yield or purity. The aragonite yield or purity is calculated as the percentage of aragonite 
crystals over calcite crystals formed, or Y aragonite/Y calcite × 100. 

4. Results and Discussion 
4.1. Two-Level Full Factorial Design XRD Analytical Results. 

All XRD diffractograms analyzed using the Diffrac Plus EVA software 
(https://www.bruker.com/en/products-and-solutions/diffractometers-and-x-ray-micro-
scopes/x-ray-diffractometers/diffrac-suite-software/diffrac-eva.html, (accessed on 30 Jan-
uary 2026)) are shown in Figure 3 below. Diffractograms are shown for each of the 8 ex-
perimental points based on the two-level full factorial design main factors and effects 



Appl. Sci. 2026, 16, 1933 9 of 25 
 

https://doi.org/10.3390/app16041933 

determination. The full results of the aragonite yield derived from the X-ray diffracto-
grams are tabulated in Table S2, while the methodology to calculate the sum of responses 
and average responses at each permutation point is included in Figure S1 in the Supple-
mentary Material Section S3. These datasets are subsequently simplified and tabulated in 
Table 1 below. 

 

Figure 3. Selected XRD diffractogram results for the 8-point factor permutations from the two-level 
full factorial design of experiments for main factors and effects determination 
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Table 1. Sum of seawater aragonite yield (Y), repeatability runs R1, R2, R3, average, and standard 
deviation from factorial runs pertaining to the respective factors—temperature, concentration of 
CaO in seawater, and reaction duration—to maximize aragonite yield using seawater as a natural 
inducer. 

Factors Permutation for Reaction Temperature T, CaO 
Concentration in Artificial Seawater [CaO], Reaction 

Duration t 
Aragonite Run 

Repeatability 3 Runs 
Sum of Re-

sponse 
Mean 

Standard Deviation 
σ R1 R2 R3 

T = L, [CaO] = L, t = L 1 17.7 18.1 17.9 53.7 17.9 0.203715 
T = L, [CaO] = L, t = H 2 28.1 28.0 28.2 84.3 28.1 0.1 
T = L, [CaO] = H, t = L 3 1.8 2.1 1.5 5.4 1.8 0.3 
T = L, [CaO] = H, t = H 4 5.0 5.2 4.5 14.7 4.9 0.360555 
T = H, [CaO] = L, t = L 5 59.5 59.9 60.0 179.4 59.8 0.264575 
T = H, [CaO] = L, t = H 6 94.5 93.5 93.9 281.9 94.0 0.503322 
T = H, [CaO] = H, t = L 7 2.8 2.9 3.5 9.2 3.1 0.378594 
T = H, [CaO] = H, t = H 8 7.4 7.3 8.2 22.9 7.6 0.493288 

4.2. Investigation of Main Factors for Aragonite Yield 

Referring to the calculated effects provided in Table S4 in Supplementary Material 
Section 5, for the individual factor interactions, the following is deduced: the interaction 
factors A, B, C, AB, AC, and BC are found to be significant as main effects for aragonite 
yield. Only by increasing temperature and reaction duration, or both, can the aragonite 
yield be increased. However, increasing CaO concentration in seawater will have a signif-
icant negative effect on aragonite yield. Hence, the two-way interaction of factors AC has 
the most dominant effect to increase the aragonite yield using seawater as a natural in-
ducer. The yield of the aragonite main factor interactions equation is updated as follows: 

Yield Seawater Aragonite = 𝛼_1 × 𝐴 − 𝛼_2 × 𝐵 + 𝛼_3 × 𝐶 − 𝛼_4 × 𝐴𝐵 − 𝛼_5 ×𝐵𝐶 + 𝛼_6 ×𝐴𝐶 

4.3. Production Curvature of Aragonite Yield Induced by Seawater 

The basic 8-point experimental runs to establish the effects of the main factors were 
extended to produce a contour that includes additional points for reaction time and tem-
perature, which are the main effects on aragonite yield in seawater. Reaction temperature, 
or Factor A, on its own, has the biggest effect in increasing the seawater aragonite yield at 
90 °C; hence, the surface response contour was developed at 90 °C for the seawater arag-
onite yield with reaction time and [CaO] as variables. The additional experimental points 
included to finalize the surface response contour are reaction time t at 3 min, 5 min, 30 
min, and 60 min, and a CaO concentration of 3 g/L. The full plot of the yield or aragonite 
yield/purity at reaction temperature 90 °C is shown in Figure 4 below. 

Referring to the 3D response surface curvature in Figure 4 above, the trend suggests 
that aragonite yield is highest when the reaction time approaches the higher ranges of >10 
min and when the concentration of CaO is kept below 3 g/L. The corresponding area 
within the yellow dotted lines on the 3D curvature represents the range of operation that 
produces aragonite with >80% yield. Three points of interest considered here are to pro-
duce aragonite with >80% purity. The first corresponds to a reaction time of 10 min with 
a concentration of CaO of 1 g/L; the second with the combination of 30 min and 3 g/L, and 
the third with the combination of 60 min and 4.5 g/L. The dimensional parameter pro-
posed in this process reflects the process intensity. Qintensity is taken to be yield or purity 
over reaction time = [CaO]/(reaction time), or in terms of physical unit {(g/L)/min} or 
g/(L*min) is chosen for seawater aragonite production. The process intensity correspond-
ing to the three points is therefore as follows: 

(i) First point Qintensity_10min|1gpl = 0.100 gL−1 min−1 

(ii) Second point Qintensity_30min|1.5gpl = 0.050 gL−1 min−1 
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(iii) Third point Qintensity_60min 3gpl = 0.050 gL−1 min−1 

From above, the first point corresponding to the [CaO] = 1 g/L and reaction time 10 
mins at 90 °C is taken to be the proposed operating parameter for aragonite production 
with >80 % purity for the continuous mineral carbonation reactor operation marked in 
Figure 4 above as “X”. 

 

Figure 4. The correlation developed at 90 °C for the best aragonite yield for reaction time between 1 
and 60 min and concentration of CaO between 1 g/L and 5 g/L is provided in the 3D curvature graph 
below. 

4.4. Kinetics of Aragonite Formation in Seawater Media 

The experimental datasets pertaining to the operating temperature of 90 °C are there-
fore tabulated to investigate the underlying trends when the concentration of CaO varies 
at 1 g/L, 3 g/L, and 5 g/L at reaction cut times of 1 min, 3 min, 5 min, 10 min, 30 min, and 
60 min. The results are tabulated in Table S4 as provided in the Supplementary Material 
Section S5, and plotted as in Figure 5 below. 

The general trend in aragonite yield in seawater reaffirms earlier results on the main 
interaction factors, whereby factor C, the concentration of CaO, has a significantly nega-
tive effect on aragonite yield. Increasing the concentration of CaO from 1 g/L to 5 g/L 
results in the aragonite yield percentage being drastically reduced from 94.5% to a low of 
28.5% at a 10-min reaction time. The general trend follows a logarithmic correlation, with 
aragonite yield reaching a plateau or asymptotic value near the theoretical limit of 100% 
after reaction time exceeds 60 min. The performance target of 80% aragonite yield or pu-
rity was based on product benchmarking performed on a commercially available product 
for quality benchmarking [17]. A reaction time of more than 60 min is required to produce 
a yield of 80% and above if a CaO concentration of 3–5 g/L is used. Therefore, as stated in 
Section 4.3, selection of [CaO] = 1 g/L has been demonstrated to yield > 80% aragonite after 
a 10 min reaction time. 
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Figure 5. Correlation graph for aragonite yield (%) versus reaction time (min) for [CaO] at 1 g/L, 3 
g/L, and 5 g/L at 90 °C with seawater as a chemical inducer. 

4.5. Other Components Analysis in the Aragonite Formation in Seawater Media 

The other components in the aragonite products formed at 90 °C at various CaO con-
centrations of 1 g/L, 3 g/L, and 5 g/L, and reaction times between 1 min and 60 min were 
analyzed and confirmed via XRD in terms of their crystalline phase compositions. Da-
tasets pertaining to the aragonite, calcite, brucite, and portlandite products formed at 90 
°C at various CaO concentrations of 1 g/L, 3 g/L, and 5 g/L and reaction times between 1 
min and 60 min are provided in Table S5 in the Supplementary Material Section S6. At the 
same time, the corresponding trend graph and bar charts are plotted in Figure 6 below. 

With reference to the trend in Figure 6 above, the ratio of aragonite/calcite formation 
generally increases with the use of lower CaO concentration in seawater. The ultimate 
composition or purity of aragonite upon reaction reaching steady-state conditions varies 
according to the concentration of CaO used. The purity of aragonite dropped from a high 
of 97.9% to 76.9% only when the concentration of CaO was increased from 1 g/L to 5 g/L, 
following a logarithmic uptrend. Inversely, the intermittent compounds such as brucite 
and portlandite decreased as aragonite was continuously formed in the crystalline lattice 
when the reaction duration was extended further until 60 min. 
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Figure 6. Correlation bar chart and trend graphs pertaining to the aragonite, calcite, brucite, and 
portlandite products formed at 90 °C at various lime CaO concentrations of 1 g/L, 3 g/L, and 5 g/L, 
and reaction times between 1 min and 60 min. 

4.5.1. Brucite 

Brucite composition is significantly high at the initial phases of the reaction time, < 
10 min. Brucite, which has magnesium metal ions as part of its molecular structure, is 
proposed by Meldrum et al. (2001) [79] to exist intermittently, adsorbing at the surface 
while forming a complex with calcite lattices, which in turn limits calcite formation in 
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favor of aragonite formation. Ultimately, once all the remaining calcite lattices have been 
morphologically evolved to aragonite structures, brucite ceases to be present. Also, there 
is a strong correlation between the relative concentration of calcite and brucite, especially 
when a higher concentration of the initial [CaO] reactant was used at 5 g/L. This observa-
tion is supported by early research works by Berner (1967) [42], Bischoff (1968) [45], R.A. 
Berner (1975) [25], Berner (1983) [80], and M. Reddy, K.K. Wang (1980) [81]; Y.W. Liu 
(2020) [31] and Woon Kyoung Park et al. (2008) [43]. The work of A.E. Stephenson et al. 
(2009) [82], Picker et al. (2017) [83], Xin Yan et al. (2023) [84], and Addadi et al. (2014) [85] 
on biomineralization and crystalline growth mechanisms provides an important hypoth-
esis on the formation of intermittent brucite complex CO2-Ca-Mg, shown as a grey bar-
column figure. This intermittent complex formation signals an incomplete reaction and 
indicates that more reaction duration is needed to obtain a higher purity of aragonite crys-
talline product. 

4.5.2. Portlandite 

Portlandite (red bar-column) presence was only detected at the first minute of reac-
tion duration for 3 g/L and 5 g/L, possibly due to insufficient flow of the CO2 reactant. This 
can also be used as a signal, indicating that the flow rate of the CO2 reactant must be in-
creased due to the presence of the unreacted hydrated form of CaO, or portlandite. 

5. Physicochemical Characteristics of Seawater Aragonite Synthesized 
The physicochemical characteristics of the crystalline precipitate seawater aragonite 

were carried out with the following analytical test methods. The primary analysis in this 
study, XRD, was conducted using a Bruker D8 Advance with a copper tube anode. This 
one-dimensional fast Lynx-Eye detection is set as follows with a °2Θ range between 5 ° 
and 80 °, a step size of 0.025 °, and a step duration of 0.3 sec/step. All the collected diffrac-
tograms were analyzed using the software provided by Diffrac Plus EVA. In addition to 
the XRD analysis, the particle size analysis (PSA) was carried out using the Malvern Mas-
tersizer 3000E Particle Size Analyzer to determine the particle size distribution using the 
wet method. The ionic concentration in the spent liquid reactant was analyzed using the 
equipment ICP-OES Avio 550 (Perkin Elmer) and the APHA Method 3120: Standard 
Methods for the Examination of Water and Wastewater, and high-magnification imaging 
using FESEM. The properties of seawater aragonite produced are compared against arag-
onite produced with MgCl2 as a chemical inducer. 

5.1. X-Ray Diffractogram XRD Analysis 

X-ray diffractogram of aragonite via MgCl2 and seawater aragonite are shown in Fig-
ure 7a, seawater aragonite (top), and Figure 7b, aragonite via MgCl2 (below), in compari-
son with diffract reference standards and the RRUF minerology database [86]. The diffrac-
tograms suggest that the aragonite phase crystal was dominant in both samples (green 
guide for aragonite, the most dominant component). For the synthesis of aragonite using 
MgCl2, traces of magnesium in the form of brucite Mg(OH)2 and magnesium hydroxide 
chloride hydrate Mg2(OH)3Cl(H2O)4 complex were also detected by the XRD diffracto-
gram (brown and red guides for brucite and hydro magnesite, the most dominant com-
ponent). This suggests that the reaction still has remnants of Mg2+ adsorbed on the arago-
nite crystalline site, or, alternatively, that simple magnesium ions have undergone oxida-
tion to form oxide complex hydrated precipitates. However, for the seawater aragonite, 
no apparent traces of magnesium complex were evident. In the final product recovered, 
only calcite was found apart from seawater aragonite, signaling that the carbonation pro-
cess is fully completed and Mg2+ had subsequently detached itself from the lattice face of 
aragonite; a mechanism which was proposed earlier by Meldrum et al. (2001) [79]. 
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Figure 7. (a). Comparative X-ray diffractogram of aragonite via MgCl2 (top) and (b). seawater arag-
onite (bottom). 

5.2. Alkalinity and pH Level 

The relative values of pH for the seawater aragonite, aragonite via MgCl2, and refer-
ence calcite are provided in Table 2 below. Seawater aragonite synthesized by the contin-
uous reactor has lower alkalinity compared to aragonite using MgCl2 as an inducer. A 
possible explanation is that supersaturation of MgCl2 and residual precipitates of hy-
drated Mg-complexes trapped within the aragonite crystal structure supply OH− species, 
increasing alkalinity to up to 10.05 pH. This is supported by the XRD analysis in Figure 8 
above, whereby for the synthesis of aragonite using MgCl2, traces of magnesium in the 
form of brucite Mg(OH)2 and magnesium hydroxide chloride hydrate Mg2(OH)3Cl(H2O)4 
complex were also detected by the XRD diffractogram (yellow/brown guide). Seawater 
aragonite crystalline structure does not indicate any quantifiable precipitation of magne-
sium complexes from the XRD diffractogram, thus lacking any alkali-based substance to 
have substantially affected its alkalinity. However, both aragonite compounds have 
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elevated levels of pH as compared to calcite synthesized using the continuous mineral 
carbonation method. 

 

Figure 8. (a) Top and (b) bottom show the thermal decomposition graph of both seawater aragonite 
and aragonite via MgCl2. 

Table 2. pH value for samples synthesized from the continuous mineral carbonation reactor. 

Properties Calcite Aragonite-MgCl2 Seawater Aragonite 
pH value 8.83 at 24.5 °C 10.05 at 24.5 °C 9.33 at 24.5 °C 



Appl. Sci. 2026, 16, 1933 17 of 25 
 

https://doi.org/10.3390/app16041933 

5.3. Anions 

The results of anions associated with seawater aragonite, calcite, and MgCl2-arago-
nite are shown in Table 3 below. Observations from Table 3 indicate that seawater arago-
nite has a significantly lower chloride content than the equivalent aragonite synthesized 
via MgCl2. For synthesis using MgCl2 as an inducer, the loss of MgCl2 concentration dur-
ing each synthesis cycle was significant in the aqueous spent-reaction media. These MgCl2 
losses end up adsorbed onto the surface of aragonite crystalline formations as detected by 
the XRD diffractogram above in Figure 8, resulting in very high levels of chloride Cl- ex-
ceeding 30,000 ppm. Additionally, seawater aragonite has exceptionally higher sulphate 
content in comparison to aragonite synthesized via MgCl2. One explanation is that sul-
phate originated from the Red Sea salts seawater blends [76], having high sulphate levels 
of up to 3078 mg/L. 

Table 3. ICP results on seawater aragonite, calcite, and MgCl2-aragonite. 

Parameters Unit Calcite MgCl2-Aragonite 
Seawater 
Aragonite 

Note 

Fluoride, F− mg/kg 3.2 <0.001 14 

Test Method: 
APHA 4110B after leaching by distilled water 

Chloride, Cl− mg/kg 74 30.364 329 
Nitrite, NO2− mg/kg 0.2 <0.002 0.1 
Nitrate, NO3− mg/kg 3.2 23 4.2 
Bromide, Br− mg/kg <0.002 <0.002 2.6 
Phosphate, PO43− mg/kg <0.003 <0.003 <0.003 
Sulphate, SO42− mg/kg 77 124 2613 

5.4. X-Ray Fluoroscopy XRF 

In this study, from XRF analysis, it is observed that aragonite produced from sea-
water was found to have much lower magnesium (Mg) content and chlorine (Cl) content, 
which are both regarded as undesirable contaminants. However, XRF analysis confirms 
elevated levels of sulphur oxide (SO3) in seawater aragonite at 1.46% versus aragonite via 
MgCl2 at 0.15%. This higher SO3 has a high possibility of having originated from the sea-
water, which has approximately high sulphate levels of up to 3078 mg/L, as previously 
mentioned above. The most important feature is that seawater aragonite, which is synthe-
sized from artificially blended seawater, has significantly higher calcium oxide CaO 
weight percentage content in comparison to MgCl2-aragonite synthesized using MgCl2 as 
a chemical inducer, as tabulated in Table 4 below. 

Table 4. X-ray fluorescence results from the in-house oxide infusion method. The left-hand side of 
the table shows the metal oxide elements for aragonite synthesized via MgCl2, and the right-hand 
side of the table shows the concentrations of metal oxide elements for seawater aragonite precipi-
tates. 

Elements Unit Calcite MgCl2-Aragonite 
Seawater 
Aragonite 

Note 

Calcium oxide as CaO weight % 98.7 65.5 91.7 

Test Method: 
APHA 4110B after leaching by 

distilled water 
(N.A. is Not Available) 

Magnesium as Oxide, MgO weight % N.A. 29.4 5.50 
Chlorine, Cl weight % N.A 3.21 0.08 
Zirconia as ZrO2 weight % 0.75 0.67 0.84 
Sulfur Oxide as SO3 weight % 0.22 0.15 1.46 
Zinc Oxide as ZnO weight % 0.03 0.03 N.A. 
Strontium Oxide as SrO weight % 0.02 0.03 0.35 
Copper Oxide as CuO weight % N.A. <0.01 <0.01 
Iron Oxide as Fe2O3 weight % 0.11 N.A. 0.07 
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5.5. Thermal Gravimetric Analysis TGA 

The thermal decomposition analysis of calcium carbonate has been extensively stud-
ied. The decomposition mechanism and reaction kinetics reported by a number of studies 
revealed that the decomposition of calcium carbonate takes place at a definite boundary 
between the calcium oxide and calcium carbonate crystalline phases [87]. Zhuang, D et al. 
[88] concluded that the general thermal decomposition curve of calcium carbonate con-
sists of three distinct stages, with the first stage occurring from 50 °C due to the release of 
free and bound water, leading to the second stage of mass loss which is the main decom-
position of calcium carbonate releasing carbon dioxide gas, and the final third stage, 
where the mass loss is unrelated to calcium carbonate decomposition. Also, Galan et al. 
[89] reported slightly different TGA decomposition curves at the third stage due to the 
pyrolysis effect between 850 °C and 950 °C. Hence, the thermal decomposition graphs of 
both seawater aragonite and aragonite via MgCl2 are compared back-to-back in Figure 
8a,b below. 

Similar levels of thermal composition between seawater aragonite and aragonite syn-
thesized via MgCl2, with both materials decomposing to lose approximately 45% of their 
weight (CO2 in gaseous form released), confirming carbonate stoichiometric characteris-
tics. Seawater aragonite begins to decompose between 460 °C and 720 °C (see yellow area 
in Figure 9a), which is at a temperature range slightly lower than that of MgCl2-aragonite, 
which decomposes between 500 °C and 750 °C (see blue area in Figure 8). 

 

Figure 9. (a,b) Top—the FESEM images of seawater aragonite at 10 min reaction duration, and (c,d) 
Bottom—the FESEM images of aragonite synthesized via MgCl2 inducer. 
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5.6. FESEM Imaging 

The FESEM images in Figure 9a–d indicate different crystallization shapes of both 
the aragonite precipitates. A mixture of needle-shaped and smaller-sized rhombic-shaped 
particles was observed for the seawater aragonite, comparable to Figure 10a, having a 
close resemblance to the work of Saulat et al. (2019) [90], which produced CaCO3 whisker 
material having a needle-like structure with a high length/diameter ratio, a diameter of 
0.5–1.0 µm, and a length of 20–30 µm. With higher image resolution, Figure 10b shows the 
smaller rhombic calcite particles, similar to the synthetic calcite produced by Hashim et 
al. (2020) [91], with an average particle size of 1 micron for the reaction of seawater arag-
onite with a reaction duration of 10 min. The high-aspect-ratio needle-like shape of arag-
onite synthesized via MgCl2 is evident in the images shown in Figure 9c,d. The different 
physical crystallization shapes obtained provided different available application oppor-
tunities for both synthesis methods and starting feedstock. 

 

Figure 10. (a) Left—particle size analysis for seawater aragonite, and (b) Right—for aragonite syn-
thesized via MgCl2. 

5.7. Particle Size Analysis 

The particle size distribution (PSD) analysis is shown in Figure 10a,b. It is important 
to refer to the results of the PSD analysis in the context of the FESEM images obtained for 
both seawater aragonite and MgCl2-aragonite. Due to the high aspect ratio of the arago-
nites formed by both methods, the PSD analysis indicated an orientation bias, where long 
needles may scatter light differently depending on the measurement alignment. The re-
ported size may reflect either the length or the width, depending on the particle align-
ment. 

Hence, relatively, considering the alignment bias, seawater aragonite is observed to 
have a slightly longer spread of particle distribution compared to aragonite synthesized 
via MgCl2, with P10–P90 distribution of 3.601 microns to 21.92 microns and 3.49 microns 
to 18.37 microns, respectively, for seawater aragonite and aragonite via MgCl2. The aver-
age particle size P50 was recorded at 8.51 microns for seawater aragonite in comparison 
to 9.47 microns for aragonite via MgCl2. In terms of relative bulk properties, the PSD re-
sults are still relevant in real-time applications to provide a relative indicative perfor-
mance for particles with similar shapes or aspect ratios when undergoing real-time pro-
duction processes, such as mechanical sieving, mechanical hoppers, and auger processes. 
The P50 of 8.51 microns for seawater aragonite is suitable for food-grade applications, 
whereas industrial averages between 3.5 microns and 17 microns are recommended by 
commercial suppliers’ datasheets [92]. 
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6. Conclusions 
Successful synthesis of an aragonite crystalline precipitate was demonstrated using 

an artificial seawater blend that replaced MgCl2 as the conventional chemical inducer. The 
significance of the results in this study has a bearing on the economics of the synthesis 
and the unit cost of industrial-scale production of aragonite compounds by potentially 
reducing the cost of chemical inducers such as MgCl2 by using seawater. A significant 
reduction in the unit cost of producing aragonite compounds may help prevent further 
destruction of sensitive marine ecosystems and habitats, which are natural producers of 
aragonite, by promoting more cost-effective, artificially synthesized aragonite at an indus-
trial scale. This is greener and more sustainable than using natural seawater. 

Based on the proposed design of experiment (DOE) model, it was determined that 
the effect of increasing the temperature to 90 °C is the most dominant factor to maximize 
seawater aragonite yield, and increasing the reaction duration is the second most domi-
nant factor with respect to the ranges of temperature and reaction time of interest in this 
study. The optimum operating condition to produce seawater aragonite crystalline pre-
cipitate with >80% purity using the continuous mineral carbonation reactor was estab-
lished at a concentration of 1 g/L CaO in seawater for 10 min at 90 °C reaction temperature. 
In terms of chemical composition, seawater aragonite has a high value of carbonate per-
centage compared to MgCl2-aragonite, by limiting the accumulation of magnesium as a 
contaminant from the MgCl2 inducer. In terms of alkalinity, seawater aragonite has lower 
residual alkalinity compared to both calcite and MgCl2-aragonite, and, more importantly, 
lower chlorine and nitrate content, too. Morphologically, seawater aragonite has a mixture 
of needle-shaped and rhombic-shaped crystalline particle structure, which provides flex-
ibility to fine-tune the proportions of both crystalline particles, an advantage for multiple 
applications in F&B, and suitable for food-grade application in line with industrial speci-
fications recommended by several industrial datasheets. 

In terms of future research, it is highly recommended to construct a full-scale pilot 
plant for the production of aragonite from natural seawater instead of the artificial sea-
water used in this proof-of-concept study. A pilot plant assessment will be able to produce 
a sizeable volume of aragonite for the purpose of market seeding and product steward-
ship purposes. A higher technology readiness level can be achieved from the current la-
boratory-scale production by designing, constructing, and operationalizing a pilot plant 
for a minimal period of time to assess the robustness, reliability, and techno-economics of 
the continuous aragonite production using seawater as a natural chemical inducer. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/app16041933/s1, Table S1. Comparative salt composition of 
red sea salt utilized in this design of experiments and typical sea water compositions for selected 
ions; Table S2: Randomised run for the response “Seawater Aragonite Yield” for the respective fac-
tors, temperature, concentration and reaction time; Figure S1. 3D factors interaction cube represent-
ing the responses of individual responses, two-way factor interaction responses and three-way fac-
tor interaction responses of temperature, lime CaO concentration in seawater and reaction duration 
to maximise aragonite yield using seawater as natural inducer; Table S3. Calculation of single, two-
way and three-way interaction factors related to the factor’s temperature, concentration and reac-
tion time pertaining to aragonite yield in seawater media; Table S4. Aragonite Yield (%) versus re-
action time(min) for [CaO] = 1 g/L, 3 g/L and 5 g/L at 90 °C with seawater as chemical inducer data 
sets; Table S5. Datasets pertaining to the percentage aragonite, calcite, brucite and portlandite prod-
ucts formed at 90 °C at various CaO concentration of 1 g/L, 3 g/L and 5 g/L and reaction time be-
tween 1 minute to 60 min. 
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