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Abstract: The effect of carboxylate on the particle size of CaCO3 derived from scallop shells was investigated. Shell was

dissolved in HCl solution and used as a raw material for CaCO3 particles. As the carboxylate additives, tartrate, oxalate,

phthalate, and citrate were employed. The average diameter of particles, Da, was found to be a function of the molar ratio

of COO−/CO3
2−. In the case of adding tartrate and phthalate, Da was varied as having a local minimum value at the molar

ratio of 1–5. In the case of adding oxalate and citrate, Da was varied as reaching the minimum value at the molar ratio

of 1–2. These sizes were about 0.1–0.25 times smaller than those without adding (21 µm). The characterization of the

particles was conducted by SEM images and X-ray diffraction patterns. Particles were found to have a crystal structure of

calcite, however, in the case of tartrate and phthalate, calcium tartrate tetrahydrate and vaterite were found.
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1. Introduction

Calcium carbonate is one of the most abundant minerals in the world as limestone1. Calcium carbonate is widely used

in various industries2. It is most commonly used as heavy calcium carbonate, which is obtained by grinding limestone,

and as light calcium carbonate, which is obtained by precipitation or by venting carbon dioxide into a calcium hydroxide

suspension to produce fine calcium carbonate particles3. Finer calcium carbonate particles are also in high demand and

widely used because they can be used as fillers, which has a wide range of applications including building materials,

cement, paper manufacturing, plastics, rubber, food, and pharmaceuticals, and have been used as a hardening agent for

brewing water, a deacidifying agent for sake, a neutralizing agent for candy, and mixed with salt in pickled vegetables4.

On the other hand, in Japan, scallop farming has been one of the major maricultures5. For example, the annual

production of cultured scallops was ca. three hundred ninety thousand tons in Hokkaido prefecture in 2019, on the other

hand, the waste shells were ca. fourteen hundred thousand tons in 20196. The waste scallop shell is usually stacked on the

roadside, becoming a serious environmental problem. The useful utilization of waste scallop shells is important to solve

the environmental problem7. These waste shells can be regarded as an important calcium carbonate resource as well as

limestone, and the development of more active utilization methods is very important from the viewpoint of the utilization
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of waste resources. We recognize that promoting the utilization of shellfish waste is not only an issue for our region but

also a common challenge for all regions of the world with a thriving fishing industry.

In recent years, it has been reported that the particle size of calcium carbonate produced by carbon dioxide aeration8,9

or liquid-liquid precipitation10–12 can be controlled by changing the liquid composition13–15 of the suspension or by adding

several additives such as amino acids16–20, fatty acids21,22, surfactant23,24, polymers25–29, and inorganic additives30–32.

Among several additives, carboxylate has received particular attention. Sun et al. (2020) used some carboxylic additives

(polyacrylic acid, citric acid, adipic acid, 6-aminocaproic acid, 4-aminobutyric acid, and hexanoic acid) to stabilize calcium

carbonate and the porosity was remarkedly improved33. Jia et al. (2022) reported the preparation of small amorphous

calcium carbonate clusters in stabilized form using carboxylated hyaluronic acid and carboxylated dextran34. Tobler

et al. (2015) have monitored amorphous calcium carbonate formation and its crystallization in real-time as a function

of citrate concentration in solution35. Miyashita et al. (2018) have investigated the influence of low-molecular-weight

dicarboxylic acids (oxalic, glutaric, and malonic acids) on the formation of calcium carbonate36. Henderson et al. (2008)

have manipulated the processes of crystal nucleation and growth of calcium carbonate using the vapor diffusion method by

adding water-soluble straight-chain monocarboxylic acids (ethanoic, propanoic, butanoic, and pentanoic acids)37.

We focused on the liquid precipitation method, which can produce light calcium carbonate relatively easily. According

to many reports regarding the generation of amorphous calcium carbonate described above, the assumption has been

suggested that if divalent anions, which are the competitors of carbonate ions that bind to calcium ions, were present in the

liquid, the binding rate of calcium ions to carbonate ions could be controlled, and as a result, the particle size distribution

of calcium carbonate particles could be controlled, and dicarboxylates are one of the suitable substances as the competitors.

For the utilization of bioresources, we have already conducted the esterification of lipids using calcined waste seashell

(scallop) as a solid base catalysis38. In the future, we will consider using calcination of mixtures of pulverized seashells

and dicarboxylates, amino acids, and other metal ions as solid base catalysts.

The purpose of this study is to clarify the effect of carboxylate concentration on the size of calcium carbonate particles

and the effect of carboxylate concentration on the resulting particle structure from a practical point of view. In this

study, experimental investigations were carried out using a calcium solution obtained by dissolving waste shells with a

concentrated hydrogen chloride solution. However, we fully expect that this method will be criticized because it releases

carbon dioxide from the shells, which is not good for the environment. However, we would like to understand that this

is an experiment and research to obtain basic knowledge. For comparison, reagent calcium solutions (mainly aqueous

calcium chloride solutions) were also used. In particular, the effect of the molar ratio of carboxyl groups to carbonate ions

on the average particle size was investigated, and mobile observation by SEM and XRD provided insight into the calcium

carbonate polymorph.

2. Materials and methods

2.1 Materials

2.1.1Reagents

Calcium chloride, sodium carbonate, potassium sodium tartrate, potassium hydrogen phthalate, sodium oxalate, sodium

citrate, sodium hydroxide, hydrochloric acid, Eriochrome Black T, and Hydroxylammonium chloride were purchased from

Fujifilm Wako Pure Chemical Co. (Japan). Sodium ethylene diamine tetraacetate (EDTA-2Na) solution (0.1 mol/L) was

purchased from Dojin Chemical (Japan). All purchased reagents were used without further purification.

2.1.2Scallop shell

The scallop shell was obtained from commercial markets or restaurants in Hakodate City, Japan. They were mostly

captured at Funka Bay (Hokkaido prefecture) and Mutsu Bay (Aomori prefecture) in Japan.
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2.2 Preparation of calcium solution derived from scallop shells

The scallop shell was washed well with tap water and was rinsed with distilled water. They were dried at room

temperature for 24 h. The shells were crushed into appropriate size (about 2–3 mm) by using a hammer. 40 g of the crushed

shell pieces were taken in a 500 mL glass beaker. Then, 80 mL of HCl solution (11.5 mol/L) was added to the beaker,

and the suspension was stirred with a magnetic stirrer at 100 rpm for 24 h to dissolve shell pieces. After dissolving shell

pieces with HCl solution, the solution was filtered with a quantitative paper filter (5C) to remove residual shell pieces.

By repeating this manner, the dissolved shell solution was collected as the calcium solution derived from scallop shells.

Approximately 95% of the shells could be dissolved by this operation. The calcium ion concentration in the dissolution

solution was 1.85 mol/L. Hereafter this solution is expressed as a CaSC solution. The calcium concentration of the CaSC

solution was determined by titration with EDTA solution and Eriochrome Black T as an indicator. In the experiments, the

CaSC solution was used to dilute to the desired concentration.

2.3 Synthesis procedure of calcium carbonate

The calcium carbonate was synthesized by fast precipitation in a glass beaker. In this method, two solutions were

mixed to produce CaCO3 particles. The two solutions were the diluted CaSC solution (or CaCl2 solution) and the

bicarboxylate/Na2CO3 mixed solution, respectively. CaCl2 solution was used as a reagent-derived calcium solution for

comparison with CaCS solution. In this study, the calcium ion concentrations of all solutions containing calcium ions used

in the precipitation formation experiments were prepared at 0.1 mol/L for the experiments. The bicarboxylate/Na2CO3

mixed solution was prepared by dissolving sodium carbonate and dicarboxylate together to achieve the desired molar ratio

of carboxyl groups to carbonate ions. The pH value of solutions was measured with a pH meter (520A or 920A, ORION,

USA).

150 mL of the diluted CaSC solution was taken in a 500 mL glass beaker and the solution was stirred with a magnetic

stirrer at 300 rpm. Then, 150 mL of the bicarboxylate/Na2CO3 mixed solution was poured into the 500 mL beaker, and

two solutions were mixed well by stirring for 1 h. After this, the particle distribution was measured with a laser scattering

size distribution analyzer (LA-300, HORIBA, Ltd., Japan). The particles in the suspension were collected by filtration (5C

paper filter) and were rinsed with deionized water. Then, the collected particles on the paper filter were dried in a dryer for

24 h at 70 ◦C. The particle production by precipitation and measurement of the particle size distribution was conducted at

least two times.

2.4 Measurements of particle characterization

The morphology of the collected particles was observed using scanning electron microscopy (SEM, JSM6010LA,

JEOL Ltd., Japan). The X-ray diffraction pattern was recorded by an X-ray diffractometer (XRD, MiniFlex, Rigaku Co.,

Japan). The measurement conditions are as follows: wavelength: Cu Kα radiation at 40 kV and 15 mA, X-ray tube output:

40 kV-200 mA, 2θ: 10 to 80◦, speed: 10◦/min.

3. Results and discussion

3.1 Particle diameter distribution and influence of initial pH value of the calcium solution

Figure 1 shows the typical result of the measurement of particle diameter distribution. This is an example of the

measurement using sodium oxalate as the dicarboxylate. The carbonate ion concentrations in the mixed solution were

varied from 0.05, 0.1, and 0.2 M. As the carbonate ion concentration increases, the particle size showing the maximum

frequency becomes smaller as the molar ratio decreases. In Figure 1a, the molar ratio is 4, in Figure 1b, the molar ratio is 2,

and in Figure 1c, the molar ratio is 0.5, respectively. A similar trend was generally observed when other dicarboxylates

were used.
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We assumed that the carboxyl functional groups of dicarboxylate in the dissociated state would become competitors

of CO3
2− for the binding with Ca2+ and that the particle size of CaCO3 could be controlled by reducing the frequency

of collisions between Ca2+ and CO3
2− and by slowing down the binding rate. The pH value of 0.1 M CaSC solution is

about 0.9. When mixing the carbonate solution with the calcium solution, the same volume was mixed, so the dissolved

substances were diluted by about half. This might cause the pH of the solution to be too low to dissociate the carboxyl

groups of carboxylate. At first, we investigated the influence of the initial pH of the calcium solution on the average

diameter, Da, of the generated particles. The results are shown in Figure 2. The concentrations used in these experiments are

as follows: the concentration of Ca2+ in the calcium solution was 0.1 M, and the concentration of CO3
2− and carboxylate

were also 0.1 M. Several profiles were found with four kinds of carboxylates. At about pH 1, in the case of using oxalate

and citrate, Da became about 1–2 µm, which was the smallest in this experimental range. In the case of tartrate, Da

decreased abruptly from 15 µm to 5 µm. In the range of pH 2–6, Da was stable at 3–5 µm. The pH of the ca. 18-folds

diluted CaSC solution ([Ca2+] = 0.1 mol/L) was pH 1.23. Thus, in almost all experiments, the initial pH of the calcium

solution was set to pH 1–1.5.

Figure 1. Typical result of particle diameter distribution in the case of using the diluted CaCS solution with adding sodium oxalate as a bicarboxylate. In

the case of (a) [CO3
2−] = 0.05 M, (b) [CO3

2−] = 0.1 M, and (c) [CO3
2−] = 0.2 M, Na2CO3 was employed in the mixture solution
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Figure 2. Influence of the initial pH value on the average diameter, Da, of particles

3.2 Influence of kinds of carboxylates and the concentrations on the particle size distribution

Figures 3–6 shows the relationship between the molar ratio ([COO−]/[CO3
2−]) and the average diameter, Da, of the

generated particles for tartrate, phthalate, oxalate, and citrate, respectively. The molar ratio means a ratio of the carboxyl

group of carboxylate and CO3
2− in the bicarboxylate/Na2CO3 mixed solution ([COO

−]/[CO3
2−]). The average diameter,

Da, in the ordinate was calculated from the size distribution of the particles. The concentration of CO3
2− varied from 0.05,

0.1, and 0.2 mol/L which decided the concentration of carboxylate to become desired the molar ratio. The open and solid

symbols in Figures 3–6 correspond to that Ca2+ included in the calcium solution was derived from reagent (CaCl2) or

CaSC solution (shell). As to tartrate and phthalate (Figures 3 and 4), Da changes with increasing molar ratio to appear as a

minimum Da value. The minimum value of Da decreased with an increase in the concentration of CO3
2− in the prepared

solution. In the case of tartrate (Figure 3), the minimum Da value increased about 1, 2, and 5 µm. In the case of phthalate

(Figure 4), the Da value increased by about 1, 2, and 3 µm. As to oxalate and citrate (Figures 5 and 6), the definite minima

Da was not observed. In the case of oxalate (Figure 5), in the range over the molar ratio > 1, Da was mostly about 2 µm. At

[CO3
2−] = 0.2 M, the experiments in the range over the molar ratio > 1 could not be carried out because of the solubility of

sodium oxalate. In the case of citrate, a minimum appeared in the sample made of the calcium solution-derived scallop

shell and [CO3
2−] = 0.2 M, which was about 4 µm at the molar ratio of 4. The minimum value of Da was observed in the

range of the molar ratio from 2 to 6, which was about 4 µm with [CO3
2−] = 0.1 M. The smallest size was observed in the

case of adding citrate. These variations of particle size with varying molar ratios might be affected by the competitive

binding between carbonated ions and carboxylate ions to calcium ions. The pH values of the 0.1 mol/L CaSC solution and

0.1 mol/L reagent solution (CaCl2) before mixing were 5.92 and 1.49, respectively. The pH values of a typical mixture of

sodium carbonate and dicarboxylate were as follows: (1) mixed solution of 0.1 mol/L sodium carbonate and 0.033 mol/L

trisodium citrate: pH 10.61; (2) mixed solution of 0.1 mol/L sodium carbonate and 0.1 mol/L trisodium citrate: pH 11.09;

(3) mixed solution of 0.1 mol/L sodium carbonate and 0.025 mol/L potassium sodium tartrate tetrahydrate: pH 11.19;

(4) mixed solution of 0.1 mol/L sodium carbonate and 0.2 mol/L potassium sodium tartrate tetrahydrate: pH 11.11; (5)

mixed solution of 0.1 mol/L sodium carbonate and 0.1 mol/L sodium oxalate: pH 11.58, respectively. In addition, the pH

values of the solutions after particle generation using the above mixtures of (1) and (5), and 0.1 mol/L CaSC solution were

pH 7.80 and pH 7.29, respectively. The dissociation constant (pK) of tartric acid, citric acid, and oxalic acid have been

reported as tartric acid (pK1 = 3.03, pK2 = 4.37)
39, citric acid (pK1 = 3.13, pK2 = 4.76, pK3 = 6.4)

39, and oxalic acid
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(pK1 = 1.25, pK2 = 3.67)
36, respectively. Judging from the pH values of the solution after particle generation, and the

reported dissociation constant values, the added dicarboxylate ions should be perfectly bared, that is, all these ions should

charge negatively, so the added dicarboxylate ions could be enough to bind to calcium ion. However, Da could not become

smaller with the increase in the molar ratio. We cannot still give enough reason for this issue.

Figure 3. Change in the average diameter of particles by addition of potassium sodium tartrate with varying the molar ratio of carboxyl group and

carbonate ion, [COO−]/[CO3
2−] in the initial solution

Figure 4. Change in the average diameter of particles by addition of potassium hydrogen phthalate with varying the molar ratio of carboxyl group and

carbonate ion, [COO−]/[CO3
2−] in the initial solution
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Figure 5. Change in the average diameter of particles by addition of sodium oxalate with varying the molar ratio of carboxyl group and carbonate ion,

[COO−]/[CO3
2−] in the initial solution

Figure 6. Change in the average diameter of particles by addition of sodium citrate with varying the molar ratio of carboxyl group and carbonate ion,

[COO−]/[CO3
2−] in the initial solution

3.3 Characterization of the generated particles

Figures 7–10 show the powder X-ray diffraction (XRD) patterns of the CaCO3 particle generated by adding tartrate,

phthalate, oxalate, and citrate, respectively. Based on the results of XRD measurement, it was confirmed that there was

almost no difference between the CaCO3 particles in the case of using the CaCl2 solution and the diluted CaSC solution.

Therefore, the results of XRD measurements in the case of using a CaCl2 solution were not shown. In the case of adding

tartrate (Figure 7), two peaks were recognized at 12.4 and 13.3 of 2θ angle value40, which corresponds to the distinctive
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peaks of calcium tartrate tetrahydrate (JCPDF: 00-057-0195)41. As the decrease in the ratio of [COO−]/[CO3
2−], the

peaks of calcium tartrate tetrahydrate disappeared (JCPDF: 01-086-4273, 01-083-4604). In the case of adding phthalate

(Figure 8), the peaks of vaterite were identified in Figure 8a,b (JCPDF: 00-067-0200, 04-015-9018). On the other hand, in

Figure 8a,b, and at [COO−]/[CO3
2−] = 2 (Figure 8c), the peaks of vaterite and calcite were identified. In the case of adding

oxalate (Figure 9), several peaks of whewellite (JCPDF: 00-020-0231) were identified. As same as the case of adding

phthalate, peaks of vaterite and calcite were identified. In the case of adding citrate, the peaks were mostly identified as

calcite (JCPDF: 01-078-4614, 04-008-0788), and some peaks of vaterite were also identified at [COO−]/[CO3
2−] = 1.98

(Figure 10a) and 3.99 (Figure 10b).

On the morphological observation by SEM, in the case of adding tartrate, CaCO3 particles in spherulitic and oval

shapes were observed (Figure 11a–c). On the other hand, in the case of adding sodium phthalate, particles in a rectangular

shape were also observed (Figure 11f). Spherulitic shapes were also observed on the particles containing vaterite (Figure

12d,e). Sun et al. (2020) reported that they obtained very porous particles (640 m2/g) when citric acid was added to a system

in which calcium oxide was dispersed in methanol and the suspension was aerated with carbon dioxide to produce calcium

carbonate41. However, in the present system, the addition of citric acid did not produce porous particles. There have been

many reports of the spherulitic shape of vaterite particles21,42,43. Oiso et al. (2014) investigated the effect of fatty acids

addition on the particle properties of mesoporous calcium carbonate and reported that vaterite morph and spherical shape

particles were observed by the addition of 15 wt.% butanoic acid21. Kirboga and Öner studied the formation of calcium

carbonate precipitation in the presence of carboxymethyl inulin and observed spherical particles in the vaterite polymorph42.

Figure 7. XRD patterns of the particles generated with potassium sodium tartrate. The calcium solution was used CaSC solution. The characters
correspond to calcite (c) and calcium tartrate tetra hydrate (t), respectively
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Figure 8. XRD patterns of the particles generated with potassium hyrdogen phthalate. The calcium solution was used CaSC solution. The characters
correspond to calcite (c), and vaterite (v), respectively

Figure 9. XRD patterns of the particles generated with sodium oxalate. The calcium solution was used CaSC solution. The characters correspond to
calcite (c), vaterite (v), and whewellite (w), respectively
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Figure 10. XRD patterns of the particles generated with sodium citrate. The calcium solution was used CaSC solution. The characters correspond to
calcite (c) and vaterite (v), respectively
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Figure 11. SEM images of the particles generated by adding sodium tartrate (a–c) and potassium hydrogen phthalate (d–f). The experimental conditions:

(a) [CO3
2−] 0.05 M, molar ratio 0.3; (b) [CO3

2−] 0.1 M, molar ratio 4; (c) [CO3
2−] 0.2 M, molar ratio 5; (d) [CO3

2−] 0.05 M, molar ratio 1; (e) [CO3
2−]

0.2 M, molar ratio 2; (f) [CO3
2−] 0.2 M, molar ratio 3
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Figure 12. SEM images of the particles generated by adding sodium oxalate (a–c) and sodium citrate (d–f). The experimental conditions: (a) [CO3
2−]

0.1 M, molar ratio 0.3; (b) [CO3
2−] 0.1 M, molar ratio 1; (c) [CO3

2−] 0.1 M, molar ratio 2; (d) [CO3
2−] 0.05 M, molar ratio 1.98; (e) [CO3

2−] 0.1 M,

molar ratio 3.98; (f) [CO3
2−] 0.2 M, molar ratio 3.98

4. Conclusions

The particle size of the calcium carbonate could be varied by adding divalent or higher carboxylates by precipitation

method. This reason might be considered that the carboxylates are assumed to play as the competitive binding partner of

the carbonate ions binding to the calcium ions. The polymorph of the calcium carbonate produced was mainly calcite, but

calcium tartrate tetrahydrate was observed in the case of adding tartrate, and vaterite polymorph was also observed in the

case of adding phthalate or citrate. These regularities of polymorph were not clarified in this study, and further studies on

the regularity of polymorph are required in the future. In this study, amorphous calcium carbonate was mainly formed.
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The functionality of these materials will be investigated in further study. In addition, We are considering the use of these

materials as solid base catalysts or as adsorbents in reaction and separation engineering. In particular, we are interested in

how the catalytic performance differs from that of solid base catalysts made simply from calcined shells.
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