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Abstract 

The chemical reaction between CO2 and Ca(OH)2 to produce precipitated calcium carbonate (PCC) occurs 

optimally when effective interaction between the two reactants takes place. The interaction between reactants 

will affect the reaction rate and conversion of reactants (CO2 and Ca(OH)2) into the PCC products. Among the 

parameters that influence the interaction of CO2 gas with the Ca(OH)2  solution are the CO2 gas flow rate and 

the numbers of CO2 gas distributor holes. Therefore, this study aims to analyze and understand the phenomena 

involved, specifically how variations in CO2 flow rate and the numbers of distributor holes affect the 

performance of CO2 capture based on the resulting precipitated calcium carbonate (CaCO3). The research was 

conducted using a semi-batch reactor, stirring speed of 400 rpm, hydrostatic pressure of 9.8 kPa, CO2 gas flow 

rate of 2–5 liters per minute (lpm), and the numbers of distributor holes ranging from 3 to 9. The results of the 

observation showed that the effect of increasing the gas flow rate and the numbers of distributor holes to enhance 

the interaction between reactants in the reaction system has its optimal condition. The optimal condition was 

obtained at a CO2 gas flow rate of 3 lpm and the number of 6 holes, with a resulting PCC (CaCO3) product of 

39.02 grams. 
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1 Introduction 

Chemical reactions can be simply defined as the 

transformation of a compound (reactant) into a new 

compound (product) that is different from the original 

compound. In chemical reactions involving 2 or more 

reactants to form certain products, interaction between 

the reactants is required, because without interaction, 

the reaction process will not occur. Good interaction 

between reactants will impact the reaction rate and the 

extent of conversion of reactants into the resulting 

reaction products. Theoretically, interaction between 

reactions can occur well when the diffusion process 

between reactants occurs without obstacle, allowing the 

diffusion-reaction process to proceed quickly [1]. The 

diffusion-reaction process between reactants (CO2 and 

Ca(OH)2) can be illustrated as shown in Figure 1 [1], 

[2]. Another factor influencing the diffusion-reaction in 

gas–liquid systems is the solubility factor [3]–[5]. The 

solubility of gas plays an important role because the 

amount of CO2 gas bubbles that diffuse and react is 

influenced by the amount of CO2 dissolved in the 

Ca(OH)2 solution. The more CO2 gas that is dissolved, 

the more PCC product will be produced. The solubility 

correlation, referring to Mutailipu et al. [4] related to 

the solubility of CO2 gas in the solution (in the form of 

water) and simplified referring to Smith et al. [6], can 

be expressed with Equation (1). 

𝑦𝐶𝑂2
𝑃 = 𝐻𝐶𝑂2

. 𝑥𝐶𝑂2
       (1) 

with,  𝑦𝐶𝑂2
 = molar fraction of CO2 in gas phase

(dimensionless),  𝑥𝐶𝑂2
= molar fraction of CO2 in
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liquid phase (dimensionless), and 𝐻𝐶𝑂2
 = Henry

constant CO2 (Pa), and P = system pressure (Pa) 

In Equation (1), it can be seen that the solubility 

of CO2 is influenced by the pressure of CO2 gas, where 

if the reaction system is carried out at a certain 

pressure and the CO2 gas flow rate (𝑉𝐶𝑂2
 ) is increased,

it has the potential to increase the molar fraction of 

dissolved CO2 (𝑥𝐶𝑂2
). On the other hand, increasing

the CO2 gas flow rate will increase the number of 

moles of CO2 (𝑛𝐶𝑂2
) introduced into the solution (see

Equation (2)), and will result in an increase in the 

molar fraction of dissolved CO2 (𝑥𝐶𝑂2
=

𝑛𝐶𝑂2

𝑛𝐻20𝑥 𝑛𝐶𝑂2

). 

The correlation between the gas flow rate (𝑉𝐶𝑂2
) and

the moles of CO2 (𝑛𝐶𝑂2
) can be explained by Equation (2)

[6]. 

𝑃𝑉𝐶𝑂2
= 𝑧  𝑛𝐶𝑂2

 𝑅 𝑇          (2) 

with, z = compressibility factor of CO2 

(dimensionless), 𝑛𝐶𝑂2  = mol CO2 (mol), T =

Temperature (K), P = pressure (Pa), 𝑉𝐶𝑂2
 =   volume

of CO2 (m3), R = universal gas constant 

(Pa·m³/mol·K) 

Another way to increase the amount of dissolved 

CO2 gas in the reaction system is by increasing the 

number of CO2 gas bubbles that will come into 

contact, thereby increasing the potential for CO2 gas 

to dissolve and diffuse, as presented in Equation (3) 

[1], [7]. 

𝑑𝑛𝑁

𝑑𝑡
= − 𝐷 

𝑑𝐶𝐶𝑂2

𝛿
 (3) 

with, 𝐷 = diffusivity coefficient (m²/s), 𝑑𝐶𝐶𝑂2
 =

difference in CO2 concentration that passes through 

the film layer (mol/m3), 𝛿 = film layer (m), 
𝑑𝑛𝑁

𝑑𝑡
 =

molar diffusion rate with a certain number of bubbles 

((mol/s), N = number of bubbles (dimensionless).  

So, when the number of CO2 gas bubbles is 

increased, the potential for the gas bubbles to diffuse 

and react will be greater. The diffusion and reaction 

process occurs steadily, meaning the diffusion rate 

will be the same as the reaction rate, thus Equation (4) 

applies [1]  

𝐷 
𝑑𝐶𝐶𝑂2

𝛿
=  𝑘 𝐶𝐶𝑂2

 𝐶𝐶𝑎(𝑂𝐻)2
  (4) 

with,  k = reaction rate constant (m³/(mol·s), 𝐶𝐶𝑂2
 =

concentration of CO2 that reacts (mol/m³), and 

𝐶𝐶𝑎(𝑂𝐻)2
 = concentration of Ca(OH)2 that reacts

(mol/m³), 𝐷 
𝑑𝐶

𝛿
  =  diffusion rate ( mol/(m²·s) and 

𝑘 𝐶𝐶𝑂2
 𝐶𝐶𝑎(𝑂𝐻)2

 = reaction rate (mol/(m²·s).

Figure 1: Illustration of the diffusion-reaction process of CO2 gas and Ca(OH)2 solution into PCC (CaCO3) [1], 

[8], [9]. 

Stoichiometrically, the reaction between CO2 

and Ca(OH)2 to form PCC (CaCO3) and water (H2O) 

can be written as in Equation (5) [10]. 

CO2 + Ca(OH)2   ↔ CaCO3 + H2O (5)
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The reaction illustrated in Equation 5 is further 

explained in Equations (6) to (9). 

Ca(𝑂𝐻)2 (aq)   →  𝐶𝑎2+ + 2 OH-  (6) 

𝐶𝑂2(g) →  𝐶𝑂2(aq)  (7) 

𝐶𝑂2(aq)  +  2OH-   →   2H+ + 1/2 O2
2- + CO3

2-   (8) 

2H++1/2 O2
2-+ CO3

2-+ 𝐶𝑎2+→CaCO3 + H2O         (9) 

Studies related to the synthesis of PCC using the 

carbonation method, which involves reacting CO2 gas 

and Ca(OH)2, have been extensively conducted by 

previous researchers. Several previous studies have 

explored CO2 capture using Ca(OH)2 solutions 

through various operational methods. For example, 

the use of CaO and water with the addition of aloe vera 

extract as an additive achieved a precipitated calcium 

carbonate (PCC) formation efficiency of 91–93% at 

reaction temperatures ranging from 30 to 100 °C and 

a CO2 flow rate of 1 L/min. [10]. Another study 

combined stirring with variations in reaction 

temperature (30–85 °C) and a CO2 flow rate of 2–2.3 

L/min, resulting in the predominance of calcite 

crystals along with minor amounts of vaterite or 

aragonite [11], [12]. Variations in Ca(OH)2 

concentration (0.2–0.35 M) have also been examined, 

showing CO2 capture efficiencies of up to 89%, with 

calcite and vaterite as the main crystalline phases [13]. 

An alternative approach used a 2.5 M sodium 

glycinate solution added to Ca(OH)2, yielding a 

Ca(OH)2 to CaCO3 conversion rate of 96.5%, with 

calcite crystals accounting for approximately 93% of 

the product [14]. Meanwhile, studies conducted at 

high temperatures (200 °C) with very high gas flow 

rates reported a CO2 capture efficiency of only 25% 

[15]. These studies have contributed to a solid 

understanding of CO2 capture using Ca(OH)2 based 

absorbents under various conditions. However, to 

date, no research has specifically evaluated the 

combined effect of the number of distributor holes and 

the CO2 gas flow rate on capture performance in an 

integrated manner. This is a critical gap, as most prior 

studies have investigated these variables in isolation. 

In reality, the interaction between CO2 flow rate and 

distributor hole configuration could significantly 

affect the gas-liquid contact area, gas residence time, 

and pressure stability, which are key parameters in 

optimizing carbonation reactor performance and 

improving capture efficiency. The objective of this 

study is to analyze and understand the underlying 

phenomena, particularly how variations in CO2 flow 

rate and the number of distributor holes influence the 

performance of CO2 capture, as indicated by the 

formation of PCC. The findings are expected to 

complement previous research and serve as a 

foundational reference for developing carbon capture, 

utilization, and storage (CCUS) technologies that are 

more effective, efficient, and economically viable for 

industrial scale applications.  

2  Materials and Methods 

2.1  Material and Equipment 

The raw material used in this research was a calcium 

hydroxide (Ca(OH)₂) solution obtained from CV. 

Kasugian Jaya, Cilegon, Banten – Indonesia, with a 

concentration of 19.1% (w/w) and categorized as 

technical grade. The CO₂ gas used was purified CO₂ 

(purity 99.9%), classified as technical grade, and was 

supplied by PT Gasindo Andalan Sukses, Cilegon, 

Banten, Indonesia. All chemicals were used as 

received without further purification. The research 

equipment is illustrated in Figure 2. 

2.2  Research procedure 

The pipe was filled with water up to a height of 100 

cm, equivalent to a hydrostatic pressure of 9.8 kPa [9], 

[16]. The next step was to add 200 mL of Ca(OH)2 

solution into the reactor and run the stirrer at a speed 

of 400 rpm. CO2 gas was flowed by adjusting the 

regulator with a flow rate of 2–5 lpm (liters/minute) 

through the predetermined number of distributor holes 

(3–9 holes), with a hole size of 0.2 cm and system 

temperature of 30 °C [9],[16]. When the reaction 

process reached the specified interaction time of 60 

minutes, the reaction was stopped. The next step was 

to separate the PCC product precipitate from the 

reaction using filter paper, then dry it in an oven at 110 

°C for 2 hours. The dried PCC powder was weighed 

to determine the amount of PCC produced for each 

observed variable [9], [16]. In addition, the obtained 

PCC powder was characterized through Fourier 

Transform Infrared (FTIR) testing to ensure that the 

reaction between the reactants (CO2 and Ca(OH)2) 

indeed occurred and Scanning Electron Microscope 

(SEM) testing to determine the surface morphology of 

the PCC crystals formed to ascertain the type of PCC 

produced (calcite, aragonite, vaterite, or a mixture of 

the three).  
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The mass of PCC produced from the reaction 

process conducted in each observed variable is 

calculated using Equation (10). 

 

𝑊𝑃𝐶𝐶 =  𝑊𝑘 − 𝑊𝑠          (10) 

 

With, 𝑊𝑃𝐶𝐶  = mass of PCC (grams),  𝑊𝑘= mass of 

filter paper + PCC product (grams),  𝑊𝑠= mass of filter 

paper (grams).  

 

 
Figure 2:  Research equipment schematic: (1) CO2 gas 

cylinder, (2) gas regulator, 3) flow meter, (4) overhead 

magnetic stirrer, (5) heating mantle, (6) three–holes 

gas distributor, (7) three–neck flask, (8) thermometer, 

and (9) water tank.  

 

3  Results and Discussion 

 

3.1  Effect of CO2 gas flow rate 

 

In Figure 3, increasing the CO2 gas flow rate into the 

reaction system does not always have a positive 

impact on the yield of the produced PCC as described 

in Equations (1) and (2), but beyond a certain flow 

rate, it actually has a negative impact. When the CO2 

gas flow rate was increased from 2 to 3 lpm, the 

amount of PCC produced increased from 12.1 to 23.22 

grams (an increase of 91.90%). The opposite condition 

occurred when the CO2 gas flow rate was increased 

from 3 to 5 lpm, resulting in a decrease in the amount 

of PCC produced, from 23.22 to 18.23 grams (a 

decrease of 21.49%). This phenomenon occurred 

because when the CO2 gas flow rate was increased to 

5 lpm, significant turbulence occurred, causing the 

Ca(OH)2 solution to be lifted, and visually, a lot of 

Ca(OH)2 suspension was seen sticking to the surface 

of the reactor walls (three-neck flask). This condition 

resulted in a decrease in the contact between CO2 gas 

and Ca(OH)2, as the amount of Ca(OH)2 in the 

solution decreased, leading to a reduction in the 

reaction rate, which was also followed by a decrease 

in the amount of PCC produced. A similar 

phenomenon was also observed by previous 

researchers (see Table 1). As shown in Table 1, 

increasing the CO2 gas flow rate within a specific 

range led to a decline in CO2 capture performance, as 

indicated by a decrease in capture efficiency. This 

outcome is theoretically sound, as once a gas-liquid 

absorption system reaches its maximum capacity, any 

further increase in CO2 flow rate results in a reduced 

residence time for the gas (see Equation 11). This 

reduction in residence time negatively impacts the 

contact duration between the gas and the absorption 

solution.   

 

 
Figure 3: Effect of CO2 gas flow rate with 3 distributor 

holes.

 

Table 1: Effect of CO2 gas flow rate on CO2 capture performance. 
CO2 Capture CO2 Flow Rate Study Result Ref. 

Using a 5 w% NaOH solution with a flow rate 
of 180 mL/min. 

7.6 – 24.7 L/min. 
 

The CO2 capture efficiency dropped significantly from 
90.2% to 41%.  

[17] 

Using Mono Ethanol Amine (MEA), 

piperazine (PZ), and ethylenediamine (EDA) 

with a flow rate of 200 ml/min. 

100–800 mol/min. CO2 capture efficiency decreased as the gas flow rate 

increased. For the PZ absorbent, efficiency dropped 

from 95% to 60%, while MEA and EDA showed 
declines from 95% to 40% and 30%, respectively. 

[18] 

Using Ca(OH)2 absorbent with a bubble 

absorption system, with an absorbent flow 
rate of 200 ml/min. 

0.5 – 0.9 L/min. CO2 capture experienced a decline, with resulting CO2 

removal efficiencies recorded consecutively at 38, 36, 
35, 33, and 31% 

[19] 
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𝜏 =
𝑉𝑡

𝜗𝐶𝑂2

              (11) 

 

Where, 𝜏 = residence time (minutes), 𝑉𝑡 = column or 

reactor volume (dm3), and 𝜗𝐶𝑂2
 = CO2 flow rate 

(dm3/minute). 

The flow velocity of CO2 gas in the carbonation 

process (Equation (11)) fundamentally has a dual 

effect on CO2 capture. On one hand, it enhances mass 

transfer; on the other, it can potentially reduce the 

reaction rate. Increased turbulence caused by higher 

CO2 gas velocity (𝜗𝐶𝑂2
) improves gas-liquid mixing, 

thereby enhancing the diffusion-reaction process (see 

Equation (4)) [20]. However, when the CO2 gas 

velocity becomes too high, it can negatively impact 

the CO2 capture process by reducing the residence 

time, which decreases the interaction between CO2 

and Ca(OH)2 in the solution. This reduction in contact 

time ultimately lowers the overall CO2 capture 

performance [21]. Therefore, there is a tradeoff 

between the benefits of increased turbulence, which 

enhances diffusion, and the drawback of reduced 

residence time. If the gas flow rate is too high, the loss 

in efficiency due to shorter residence time may 

outweigh the benefits, resulting in a reduced amount 

of CO2 reacting with Ca(OH)2 to form PCC. This 

outcome is reflected in Figure 3 and Table 1.  

Referring to Figure 1, the phenomenon that 

occurs with the increase in CO2 flow rate during the 

CO2 capture process using Ca(OH)2 can be illustrated 

as shown in Figure 4.  

 

 
Figure 4: Illustration of the impact of gas flow rate on 

CO2 capture. 

 

As shown in Figure 4, an increase in CO2 gas 

flow rate (𝜗𝐶𝑂2
) leads to an increase in CO2 gas 

momentum. When this momentum increase 

significantly exceeds the diffusion rate of CO2 bubbles 

into the Ca(OH)2 solution, it results in reduced 

residence time and shorter contact duration between 

CO2 and Ca(OH)2. For example, based on the reactor 

volume of 300 mL, the residence time decreases from 

0.15 minutes (at 2 L/min) to 0.10 minutes (at 3 L/min), 

and further to 0.06 minutes (at 5 L/min). Consequently, 

the performance of the CO2 capture process declines.  

 

3.2  The influence of the number of distributor holes 

 

The increase in the number of CO2 gas distributor 

holes had a similar tendency to the CO2 gas flow rate 

variable, where the PCC product increased and then 

decreased (see Figure 5). An increase in the number of 

distributor holes from 3 to 6 resulted in a notable 

improvement in PCC production, increasing from 

23.22 grams to 39.02 grams. This result is consistent 

with the theoretical principles described in Equations 

(3) and (4). Under stable CO2 pressure and system 

conditions, increasing the number of distributor holes 

led to a higher number of CO2 bubbles (N), as well as 

adjustments in bubble size, while maintaining steady 

bubble motion. Under these conditions, the 

concentration gradient of CO2 in the Ca(OH)2 solution 

(𝑑𝐶𝐶𝑂2
) increased, thereby enhancing the diffusion 

rate of CO2 into the solution, as described in Equation 

(3). This enhancement subsequently increased the 

reaction rate between CO2 and Ca(OH)2 in the 

solution, in accordance with Equation (4) and as 

illustrated in Figure 1. However, a deviation from this 

trend was observed when the number of distributor 

holes was increased to 9. In this case, PCC production 

decreased to 37.15 grams. Visually, when the number 

of CO2 gas distributor holes was increased from 3 to 

6, the number of gas bubbles produced appeared to be 

greater, with the bubble sizes remaining similar 

between 3 and 6 holes. However, when the number of 

distributor holes was increased to 9, the resulting CO2 

gas bubbles were larger in size compared to those 

produced with 3 and 6 distributor holes, and their 

movement was noticeably slower. This phenomenon 

is likely attributed to the increased number of gas 

bubbles generated by the additional distributor holes, 

without corresponding control of the CO2 gas pressure 

delivered from the gas cylinder to the reactor (see 

Figure 2). This condition resulted in a reduction in 

system pressure [22], which was visually observed 

during the experiment. The pressure drop was initiated 

by a lower reading on the pressure gauge (PG) located 

on the regulator along the gas outlet line to the reactor. 

Although the pressure drop was not highly significant, 

it was accompanied by a reduction in available gas 
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flow space due to the constant cross-sectional area of 

the reactor. These two factors contributed to the 

tendency of smaller bubbles exiting the distributor 

with 9 holes to coalesce, forming larger bubbles. This 

coalescence led to slower bubble movement within the 

liquid phase. The phenomenon of bubble coalescence 

and its effect on bubble velocity is illustrated in Figure 6. 

Consequently, the solubility of gas in the Ca(OH)2 

solution decreased, as the total number of CO2 bubbles 

decreased, and the resulting PCC product also 

decreased. According to Lefebvre et al. [23], the 

reaction could be accelerated if the gas bubble size 

was small, as smaller bubble sizes increased the 

interfacial area, thus enhancing the diffusion-reaction 

process.  

In principle, a greater number of distributor holes 

increases the potential for more uniform CO2 

distribution throughout the liquid medium [24] 

compared to configurations with fewer holes, thereby 

enhancing gas-liquid interaction [25]. This condition 

promotes a more even reaction between CO2 and 

Ca(OH)2 across the entire liquid-filled volume of the 

reactor. However, increasing the number of holes 

without maintaining a stable CO2 pressure within the 

internal pipes can lead to a decrease in gas velocity 

and momentum. When the gas velocity becomes too 

low, the initially small CO2 bubbles released from the 

distributor holes tend to coalesce into larger bubbles, 

as illustrated in Figure 6. This coalescence reduces the 

interfacial area, ultimately hindering the diffusion of 

CO2 into the Ca(OH)2 solution. 

Based on the data presented in Figures 3 and 5, a 

statistical analysis was conducted using a one-way 

ANOVA test with three replications (n = 3) to evaluate 

the effects of CO2 gas distributor holes. The results 

yielded p–values of 1.71 × 10⁻⁵ and 5.92 × 10⁻⁷, 

respectively, both of which are less than the 

significance level of p–values < 0.05. These findings 

indicate that both the CO2 gas flow rate and the 

number of distributor holes have a statistically 

significant effect and play a critical role in CO2 

capture using Ca(OH)2, contributing to the formation 

of PCC [26]. This trend is closely associated with the 

positive influence of both parameters in enhancing 

turbulence and gas diffusion into the solution, thereby 

improving the gas-liquid contact and the interaction 

between CO2 and the Ca(OH)2 solution during the 

reaction to form PCC.  

 

 
Figure 5: The effect of the number of CO2 gas 

distributor holes with a CO2 gas flow rate of 3 lpm. 

 

 
Figure 6: Illustration of small CO2 gas bubbles 

forming a large bubble [1]. 

 

3.3  Results of product characterization testing 

 

The PCC product obtained after 60 min of the CO2 

capture process was separated using filter paper, then 

dried in an oven at 110 °C for 2 h. Once dried, the 

product was weighed to determine the mass of the 

resulting PCC using Equation (10). The PCC was then 

placed in a plastic bag and documented using a digital 

camera, without any modifications to its color or shape 

(see Figure 7). To ensure that PCC (CaCO3) was 

formed and to identify the crystal types present, such 

as calcite, aragonite, vaterite, or a combination of 

these, this study employed FTIR and SEM analyses on 

the dried samples (see Figure 8) as well as on the raw 

material used (Ca(OH)2).  

FTIR test results are shown in Figure 7. It could 

be seen that there was a significant change in the peaks 

of the raw material in Figure 8(a) and after being 

contacted with CO2 gas in Figure 8(b). When 

compared with the FTIR test results of the PCC 

standard (CaCO3) in Figure 9, the results were almost 

identical. Therefore, it could be confirmed that the 

product resulting from the reaction process was PCC. 
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Figure 7: PCC product obtained in this study. 

 

 
Figure 8: FTIR test results: a) raw material Ca(OH)2 

and b) PCC product from the reaction. 

 

 
Figure 9: FTIR test results for standard PCC (CaCO3) 

[16]. 

 

In addition to the FTIR test, an SEM test with a 

magnification of 10,000 times was also conducted to 

determine the type of PCC produced. According to the 

reviewed literature, calcite crystals typically exhibit a 

distinctive rhombohedral shape with layered surfaces 

[27], [28], vaterite appears as irregular spherical or 

globular aggregates [29], and aragonite has a needle–

like or elongated prismatic structure [30], [31] (Table 

2). Based on the SEM analysis conducted in this study 

and comparisons with Table 3 and relevant references 

[32], [33], as shown morphologically in Table 3, the 

results indicate that the PCC (CaCO3) produced in this 

study consists of a mixed crystal composition 

comprising calcite, aragonite, and vaterite.  

 

Table 2: Crystal types of PCC (CaCO3)  
Crystal 

Type 

Main 

Morphology 

Stability Ref. 

Calcite Rhombohedral Most stable [27],[28],[34] 

Vaterite Spherical/ 

globular 

Metastable [27],[28],[29] 

Aragonite Needle-

like/prismatic 

Stable under 

high pressure 

[32], [33] 

 

Based on the characterization results of the PCC 

produced in this study, the product was found to 

consist of a combination of three crystal forms: calcite, 

aragonite, and vaterite. The coexistence of these 

crystal types enables the formation of a more complex 

and versatile structure, suitable for a wide range of 

applications. For instance, vaterite, which exhibits a 

spherical or globular morphology with a high surface 

area, is highly suitable for cosmetic and 

pharmaceutical applications due to its excellent 

dispersion properties and high solubility [35]. 

Aragonite, characterized by its needle-like shape, can 

enhance mechanical properties when used as a 

reinforcing material in plastic or rubber composites 

[36]. Calcite, known for its stability and uniform 

particle size distribution, is ideal for use as a filler in 

the paper and plastic industries, providing structural 

strength and surface smoothness [37]. Therefore, the 

simultaneous presence of these three crystal forms in 

the PCC product offers performance advantages over 

conventional PCC, which typically consists of a single 

crystal phase (commonly calcite). These results 

suggest that the PCC produced in this study holds 

greater potential for application across various 

industrial sectors, including cosmetics, plastic fillers, 

and paper coatings.  
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Table 3: Comparison of SEM results with reference 

data.  
SEM Result Ref. 

 
Calcite, vaterite, and aragonite 

This  

research 

 

Calcite and aragonite  

[32] 

 
a) Calcite, b) Vaterite, and c) Aragonite 

[33] 

 

3.4  Cost and energy analysis of the CO₂ capture 

process 

 

Cost and energy analysis is an important aspect of any 

study, even if conducted as a preliminary estimation. 

Such analysis provides initial insights into whether the 

investigated process has the potential and feasibility 

for commercial development. Moreover, the results 

can serve as a basis for decision-making in 

determining the next steps toward achieving a 

profitable and sustainable process system. In this 

study, the feasibility of the CO2 capture process using 

Ca(OH)2 absorbent was evaluated on a laboratory 

scale. The main cost components considered were raw 

materials (Ca(OH)2 and CO2 gas) and the energy 

required for stirring at 400 rpm. The price of Ca(OH)2 

with a concentration of 19.1% was $0.031/L, based on 

pricing from CV. Kasugian Jaya, Indonesia. 

Calculations were based on a CO2 flow rate of 3 

L/min, a Ca(OH)2 density of 1.1 gr/L, a solution 

volume of 300 mL, a reaction time of 60 min, and a 

PCC product yield of 39.02 grams. The calculations 

were performed using Microsoft Excel. It was 

assumed that the CO2 source incurs no cost 

(considered as a byproduct of an industrial process). 

The detailed cost and energy analysis results are 

presented in Table 4. 

 

Table 4: Results of a rough simulation of the cost and 

energy analysis of the CO2 capture process. 
Components Values 

Ca(OH)₂ solution volume 300 mL 
Price of solution per liter $ 0.031   

Electric consumption 0.05 kWh 

Electric cost $ 0.0055   
Total operational cost $ 0.0148   

Yielded CaCO₃ (PCC) 39.02 gram 

CaCO₃ (PCC) cost per gram $ 0.0148 / 39.02 gram =   
$ 0.00038 /gram  

Reaction conversion  45.84% 

  

As shown in Table 4, the cost to synthesize 1 

gram of CaCO3 intended for pharmaceutical, 

cosmetic, or filler applications, this production cost 

remains economically viable, as the market price for 

premium–grade PCC is $0.00052 per gram [38]. On 

the other hand, if the target is bulk–grade PCC with a 

market price of only $0.00020 per gram [39], the 

synthesis method used in this study becomes 

unprofitable, resulting in a loss of $0.00028 per gram. 

Moreover, if technical–grade CO2 is used as a raw 

material, with a market price of $0.46875 per liter 

(referring to the price from PT Gasindo Andalan 

Sukses, Cilegon – Indonesia.), the CO2 capture 

process using Ca(OH)2 to produce PCC is no longer 

feasible for commercial development, whether for 

bulk or premium–grade products. The calculated 

production cost in this scenario reaches $2.163 per 

gram of PCC. Literature findings also suggest that 

CO₂ treatment remains economically impractical and 

is still associated with high operational costs [40]. 
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However, if the main objective is CO2 emission 

mitigation to reduce the effects of global warming, and 

the PCC product is considered a byproduct rather than 

the primary goal, then this method may be considered 

a promising alternative technology. To ensure that the 

CO2 capture process using Ca(OH)2 absorbent is 

commercially viable, several conditions must be met. 

First, the PCC produced must meet premium-grade 

specifications according to its intended application, 

such as for pharmaceutical or cosmetic use. Second, 

further optimization is needed to improve reaction 

conversion and overall process efficiency. Lastly, the 

CO2 source must be cost–free, ideally obtained 

directly from industrial flue gas that has undergone 

appropriate pre–treatment. 

 

4  Conclusions 

 

An increase in CO2 gas flow rate can enhance the 

production of PCC, provided that it does not cause 

excessive turbulence that creates voids, which can 

hinder the diffusion of CO2 into the Ca(OH)2 solution. 

Excessive turbulence may also cause the Ca(OH)2 

suspension to rise and adhere to the reactor walls, 

negatively affecting the reaction. A similar 

phenomenon applies to the parameter of distributor 

hole number. Increasing the number of distributor 

holes without adequate control of CO2 gas pressure 

may slow down gas movement within the Ca(OH)2 

solution due to the formation of larger bubbles through 

coalescence. This condition reduces the gas-liquid 

interfacial area, thereby decreasing the efficiency of 

the CO2 and Ca(OH)2 reaction to form PCC. In the 

variation of CO2 flow rates at 2, 3, and 5 lpm, with the 

number of distributor holes fixed at 3, the resulting 

PCC yields were 12.1 grams, 23.22 grams, and 18.23 

grams, respectively. It is evident that increasing the 

flow rate from 2 to 3 lpm resulted in a 92% increase in 

PCC production, while increasing it further to 5 lpm 

led to a 21.5% decrease. In another set of experiments, 

the number of distributor holes was varied at 3, 6, and 

9, while maintaining a constant CO2 flow rate of 3 lpm 

(identified as the optimal flow rate). The 

corresponding PCC yields were 23.22 grams, 39.02 

grams, and 37.15 grams, respectively. Increasing the 

number of holes from 3 to 6 resulted in a 68% increase 

in PCC production, whereas increasing from 6 to 9 

holes caused a slight decline of approximately 4.8%. 

Despite these fluctuations, statistical analysis using 

ANOVA confirmed that both the CO2 flow rate and 

the number of distributor holes had a significant effect 

on PCC yield, with p-values of 1.71 × 10⁻⁵ and 5.92 × 

10⁻⁷, respectively (p-values < 0.05). These findings 

indicate that both parameters play a crucial role in the 

formation of PCC. Characterization of the PCC 

product using FTIR and SEM revealed that the 

synthesized PCC consists of a mixture of calcite and 

aragonite crystals, with a small presence of vaterite. 

This crystal composition broadens the potential 

applications of the product across various industries. 

To the best of the authors’ knowledge, no previous 

studies have explicitly investigated the combined 

effects of CO2 gas flow rate and the number of 

distributor holes on PCC synthesis using Ca(OH)2–

based CO2 capture. Therefore, the findings of this 

study contribute meaningful insights to the existing 

body of research and support the further development 

of Carbon Capture, Utilization, and Storage (CCUS) 

as an alternative technology for greenhouse gas 

mitigation. The results may also serve as a basis for 

designing pilot and industrial scale reactors, 

particularly for PCC production targeting applications 

in the paper, plastic, and cosmetic industries, as well 

as other sectors identified in the cost and energy 

analysis. Further research is strongly recommended to 

evaluate more comprehensively the combined effects 

of distributor hole number and hole diameter. This is 

essential to determine whether increasing the number 

of holes beyond six, when combined with smaller hole 

sizes (below 0.2 cm), could improve or hinder PCC 

formation. A systematic investigation of these 

parameters is necessary to identify operational 

conditions that are effective, efficient, low-cost, and 

scalable for industrial applications. In addition, future 

studies should explore the use of CO2 sourced from 

pretreated flue gas to assess the feasibility and 

readiness of the process for commercial-scale 

implementation.  
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