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Abstract: In this work, sodium aluminate alkaline solution was used to capture CO2 in a continuous 

bubble column scrubber and aluminum tri-hydrate (ATH) precipitates were produced. As the so-

dium carbonate could be recycled after the filtrated solution was crystallized by evaporation, a 

novel CO2 capture process was developed successfully. There were five experimental operation var-

iables, including solution flow rate (A), concentration of the solution (B), gas flow rate (C), CO2 gas 

concentration (D), and liquid temperature (E), with four levels to each variable. The influence of 

each variable on absorption efficiency (EF), absorption rate (RA), absorption factor (φ), mass transfer 

coefficient (KGa), and precipitation rate (RP) in a steady state was explored in this study. The Taguchi 

experimental design was adopted, and 16 experiments were performed; as the optimum operating 

conditions found in Taguchi analysis required further verification, there were a total of 21 experi-

ments in the end. According to S/N analysis, the overall order of importance was D > A = B > C > E, 

meaning D (CO2 concentration) was most important and E (liquid temperature) was least important. 

In addition, the result also showed that the Rp was 1.25–2.0 times higher than the RA. The obtained 

powder was mainly ATH according to XRD analysis, with the crystal size ranging between 8.14 and 

27.97 nm. However, the BET analysis showed its particle size range being 17.6–283.7 nm, indicating 

agglomeration for primary particles. The SEM analysis showed that there were flower-like, irregu-

lar, urchin-like, elongated, and amorphous particles. The solutions from five groups of optimum 

conditions were used to recycle the sodium carbonate experiments. After evaporation and crystal-

lization of the filtrated solutions, the energy loading was found to be 1.70–2.56 GJ/t-solvent, illus-

trating the superiorities of low energy consumption. The precipitated powders were verified to be 

sodium carbonate by FTIR, which is a valuable constituent. 
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1. Introduction 

As the greenhouse effect results in climate anomalies, humans are bearing the ad-

verse consequences. Therefore, the global warming goal requires reducing greenhouse 

gases (GHG) emissions by 40–70% by 2050 relative to 2010 levels and achieving neutral to 

negative emissions by the end of the century [1]. Among the GHG, CO2 makes up the 

majority, reaching over 80%. Among various emission sources, the thermal power plants, 

steel plants, petrochemical industry, and cement industry emit the most and concentrated 

CO2, with the total amount higher than 50%. Therefore, considerable manpower and ex-

penses have been devoted to study the capture, storage, and reutilization of CO2 around 

the world. The CO2 capture techniques have been developed rapidly, and the developed 

techniques are diversified, including the absorption process, adsorptive process, freezing 

method, chemical cycle method, and calcium cycle method [2–4]. Part of the studies de-

veloped toward using recovered CO2 to culture microalgae [5], prepare urea [6] and car-

bonic allyl ester, and the methanol economy [7]. The CO2 emitted from fossil fuels is 5–20% 
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according to the literature, so the absorption process is the main choice for capturing CO2 

[2]. This is a mature technique, which employs a two-tower plant, including a scrubber 

and a stripper. Therefore, carbon capture and storage (CCS) and carbon capture and uti-

lization (CCU) have become important techniques of greenhouse gas reduction in the 

world. The international power companies have been developing CCS for 10 or 20 years, 

yet there are still some difficulties. For example, according to the CCS development path 

diagram planned by the IEA (International Energy Agency) in 2009, it was optimistically 

expected that the capacities of thermal power generation would be 22 GW and 1140 GW 

in 2020 and 2050, respectively, with 131 and 5510 Mt CO2/a being captured, respectively. 

However, there have been merely two sets of CCS in commercial operation until now, and 

the CO2 capture is 2.4 Mt/a, much lower than the expected value. Besides technical diffi-

culties, low economic benefit and deficient social and policy supports are the contributing 

reasons as well. Therefore, the enhancement of efficiency of absorbents, improvement of 

absorbers, and enhancement of heat regeneration efficiency [8–10] have become the re-

search directions, and how to effectively reduce the electric power cost has become key to 

the success or failure of CCS. 

As a result, taking CO2 as a raw material for capture and reutilization has become an 

important strategy, which is CCU. For example, CO2 can be used as a raw material to 

synthesize methanol, and it can also be used as a raw material and captured by seawater 

to become a carbon source for cultivating seaweeds [5,7]. All these are a part of CCU. 

However, the methanol synthesis technique remains to be broken through. As CO2 is an 

acidic gas, it can be captured by alkaline solutions. As CO2 is dissociated into HCO3- and 

CO32- when it is absorbed in alkaline solutions, CO2 can be captured by Ca(OH)2 suspen-

sion, and the CaCO3(s) solid is subsequently generated. Nonetheless, this technique has 

difficulties in continuous operation. Moreover, important methods have been proposed 

for a dynamic and multi-scale decision-making for the integration of CCU applications 

with the EWF (Energy, Water and Food) nexus [1]. However, the use of solvent regenera-

tion is a significant contributor to the emissions of CO2 and related to the global warming 

potential (GWP), so the development of environmentally sustainable sorbents is one of 

the challenges for both CCS and CCU [11]. Although, on average, the GWP of CCS is sig-

nificantly lower than those of the CCU options, on the other hand, from an economic 

viewpoint, CCU appears to be a better option than CCS. However, the cost-effectiveness 

and the environmental impacts of CCU have to be evaluated carefully on a life cycle basis 

to ensure a positive economic and environmental balance. Recently, three routes, i.e., CCS, 

CCU, and BIO, have been acknowledged to be the only possible approaches that enable a 

carbon-neutral chemical industry in net-zero-CO2 emissions [12]. 

However, if the NaAlO2 solution is used as the absorption liquid, as the aqueous 

NaAlO2 solution is alkaline, it could capture CO2 and generate ATH and the Na2CO3 so-

lution, and continuous operation would be workable. The ATH mainly acts as an envi-

ronmentally friendly flame retardant and other applications, and it can also be used as a 

water conditioning agent, toothpaste, and an antiacid reagent. The Na2CO3 is an important 

bulk chemical, applicable to metallurgical, textile, dyeing, glass, and paper industries, 

with the specific uses being shown in Figure 1. Therefore, developing a new process to 

capture CO2 and generate ATH and Na2CO3 is a challenging work that is worth exploring. 

https://www.iea.org/
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Figure 1. Absorption of CO2 using NaAlO2 alkaline solution to produce ATH and sodium carbonate 

and applications. 

Using NaAlO2 solution to capture CO2 and prepare ATH and recover Na2CO3 is a 

new conception. On the one hand, CO2 can be captured, and the energy consumption can 

be reduced during solvent regeneration; on the other hand, ATH can be prepared, and 

Na2CO3·nH2O can be recovered (wherein n can be 0, 1, 7, or 10) (https://en.wikipe-

dia.org/wiki/Sodium_carbonate, 2012), performing two things at the same time. There-

fore, the importance of how to obtain the optimum conditions and parameters for absorb-

ing CO2 to prepare ATH and regenerate solvent has become a new challenge. 

To carry out this process, the mechanism of CO2 absorption of the aqueous solution 

is described below: 

CO2(g) ↔ CO2(aq) (1) 

CO2(aq) + OH−(aq) ↔ HCO3
−(aq) (2) 

HCO3
−(aq) + OH−(aq) ↔ CO3

2−(aq) + H2O(aq) (3) 

If the dissociated component concentration divided by total carbonate concentration 

(CT = [H2CO3*] + [HCO3−] + [CO32−]) is defined as αi, the pH is drawn with logαi, as shown 

in the previous work (Figure 1) [13]. When the pH is 7–10, as α1 in the figure, the main 

component of the solution is bicarbonate radicals. When the pH is larger than 12, as α2 in 

the figure, the main component of the solution is carbonate. When the pH is smaller than 

6, the main component of the solution is carbonic acid (H2CO3*), so the pH has an im-

portant effect on the carbonate distribution. 

The CO2 dissociation and absorption reactions after NaAlO2 is dissolved in water are 

expressed below: 

Na2O ⋅ Al2O3(aq) + 4H2O(aq) ↔ 2Na+(aq) + 2Al(OH)3(s) + 2OH−(aq) (4) 

2Na+(aq) + CO3
2−(aq) ↔ Na2CO3(aq) (5) 

The net reaction is expressed below: 

Na2O ⋅ Al2O3(aq) + 4H2O(aq) ↔ 2Na+(aq) + 2Al(OH)3(s) + 2OH−(aq) (6) 

The following reaction takes place if there is excessive CO2 [10]: 

NaAlO2(aq) + CO2(g) + H2O(aq) ↔ NaHCO3(aq) + Al(OH)3(s) (7) 

Thus, it can be seen that the reaction mechanism is mainly determined by CO2 in a 

phase transition from the gas phase to the liquid phase in the first step, and this is the 

procedure controlling the overall reaction. As CO2 is acidic when being dissolved in water, 
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it can neutralize the strong base NaOH generated by the hydrolytic reaction of NaAlO2 

(Equation (4)), while forming the sodium carbonate solution and synthesizing the ATH 

particles. As the solubility products of ATH and Na2CO3(s) are 3.16 × 10−34 and 81.4 (17 

°C), respectively, meaning ATH is hard to dissolve in water, Na2CO3(s) is freely soluble in 

water. This indicates that only ATH is yielded after the absorption reaction, and no 

Na2CO3(s) solid is generated. According to Equations (6) and (7), a high concentration of 

CO2(g) is favorable for the generation of ATH. According to Equation (1), capturing more 

CO2(g) will increase CO2(aq), so a high pH liquid condition is favorable for CO2 absorption 

and favorable for the formation of CO32−, as shown in Equation (3). According to Equation 

(4), a high pH value represents a high [OH-] concentration, adverse to the generation of 

ATH. However, Equations (6) and (7) show that the absorption rate increases in the course 

of absorbing more CO2; subsequently, the ATH precipitation rate increases as well. It can 

be inferred that there exists a relation between the two. 

The prior industrial ATH preparation methods include the Bayer method, soda-lime 

sintering process, and Bayer and sintering combined process. In the laboratory, it is gen-

erally prepared by the reaction of NaOH solution and aluminum sulfate solution. How-

ever, over the past ten years, some scholars studied the preparation of ATH in succession, 

and some of them used the high-gravity rotating packed-bed and admitted CO2 gas into 

NaAlO2 solution to prepare ATH of nanoparticle size [14–19]. In addition, Li et al. [20] 

employed the NaHCO3 and NaAlO2 neutralization process to prepare ATH. Wang et al. 

[18] adopted a hypergravity system to study ATH crystallization and found that the tem-

perature, pH, gas concentration, gas–liquid flow ratio, and the concentration of NaAlO2 

could influence the generation of ATH, including yield, particle size, and crystallographic 

form. The result showed that ATH of smaller particle size could be obtained when the 

operating temperature was 30–40 °C. In the discussion about the effect of NaAlO2 concen-

tration, the pH was 12–12.5 when the concentration was 1–2.5 M and the operating time 

was 8–16 min; however, the pH dropped from 13.6 to 12.8 when the concentration was 3 

M, and returned to 13.5 in 14 min. Additionally, the minimum particle size was obtained 

when the concentration was 2.0–2.5 M, and the yield was higher. The gas–liquid flow ratio 

G/L also influences the particle size and pH; a smaller particle size can be obtained when 

this ratio is 0.8–1.0. The ATH-generating mechanism analysis proposed that the first 8 min 

(pH drops from 13.5 to 12.4) is the induction stage, 8–9.5 min (pH about 12.4) is the nucle-

ation stage, and 9.5–15 min (pH drops from 12.4 to 12.2) is the growth stage. The ATH 

crystallization mechanism was proposed by other scholars [21]; these studies mostly put 

emphasis on the preparation of ATH material. 

In addition to absorption and reutilization by many scholars in the past, this labora-

tory also obtained some research findings in recent years for the absorption and reutiliza-

tion of CO2, including bubble columns, packed beds, and Higee processes, as shown in 

previous studies [14,22–24]. The absorption factor concept is established herein, different 

absorbents were employed to build the theoretical model of mass transfer and absorption 

rate, and the precipitate recovery and solvent reutilization were studied. The Taguchi ex-

perimental design, scale-up, and experimental plant site operation experiences were im-

ported in experiments, and these results were helpful to subsequent studies of this team. 

Therefore, using NaAlO2 solution for simultaneous CO2 absorption and ATH crystalliza-

tion is a new thinking direction. In terms of NaAlO2-CO2-Al(OH)3 system operation, to 

allow a continuous feed and solid precipitate simultaneously, bubble columns, which are 

different from the high-gravity rotating packed-bed, can be an alternative option. In the 

operation of bubble columns, the gas usually flows up from the bottom with the liquid 

flowing down, and the gas and liquid contact each other in the column for mixing, ab-

sorption, reaction, and precipitation. Bubble columns are characterized by a simple struc-

ture, high mass transfer coefficient, high removal efficiency, and controlling the mean res-

idence time of liquid with high absorption factors [25]. The high-gravity rotating packed-

bed has a short gas–liquid contact time and low absorption factor. As the NaAlO2 solution 

requires a sufficient contact time for absorbing CO2 to increase the yield, the contact time 
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can be better controlled by using bubble columns. Additionally, no document has dis-

cussed this technique for CO2 capture up to now, meaning that this study can provide 

another option for the CO2 capture and reutilization procedure. As the input flow rate of 

NaAlO2, concentration of NaAlO2, reaction temperature, CO2 concentration, and gas flow 

rate are key factors in CO2 capture, they influence the generation of ATH solid and the 

generation of Na2CO3, and they are important variables. If bubble columns are used as an 

absorber, at a certain gas input flow rate and concentration, the NaAlO2 solution is im-

ported at a set flow rate and concentration to make contact with the gas from the bottom. 

The equations of CO2 absorption in the scrubber are illustrated by Equations (1)–(6). The 

mixing, absorption, reaction, and precipitation continue in the column. While the suspen-

sion is exported with overflow and filtered by solid–liquid separation, the obtained solid 

is ATH, which can be dried to obtain ATH product. Moreover, as the obtained filtrate 

contains Na+ and CO32+, the Na2CO3(s) can be recovered by the crystallization technique 

[26,27]. 

In addition, a comparison of economics cost between the MEA absorption and strip-

ping process and NaAlO2 solution absorption process is required. Considering a 600 GW 

coal-fired power plant, the total emission of CO2 per year was about 3 × 107 t/a. The capture 

cost, including absorption, stripping, and compression, was USD 60/t [28]. Therefore, the 

total cost for the MEA process was USD 1.8 billion per year. The cost increased to USD 

2.34 billion per year when considering the storage cost. On the other hand, the capture 

cost for the NaAlO2 solution absorption process was less than that of the MEA process, 

because the materials price for MEA is USD 1350–1600/t as compared with USD 600–900/t 

NaAlO2. However, two points need to be considered for the NaAlO2 process: first, there 

is no storage cost required for the NaAlO2 process; second, the process can produce valu-

able products, Al(OH)3 (600–900 USD/t) and Na2CO3 (200 USD/t), which can be sold, re-

ducing the capture cost. However, it needs to be evaluated in detail further. Due to this, 

the NaAlO2 process is the better option. 

This study aimed to develop a novel CO2 capture and reutilization technique. Bubble 

columns were operated continuously to explore the phenomena of NaAlO2 solution ab-

sorbing CO2 and generating ATH precipitate in bubble columns. The concerned operating 

variables included the effects of input flow rate of NaAlO2, concentration of NaAlO2, re-

action temperature, CO2 concentration and gas flow rate on the absorption efficiency, ab-

sorption rate, absorption factor, overall mass transfer coefficient, and precipitation rate. 

The upper and lower limits of the gas–liquid flow ratio were obtained, and the influential 

factors in the ratio of absorption rate to precipitation rate were explored. Finally, the fea-

sibility of preparing Na2CO3(s) in the recovered solvent and solvent reutilization was dis-

cussed. The obtained data were regressed to obtain related empirical equations as the ref-

erence for a scale-up. 

2. Research Method 

The research framework of this project is shown in Figure 2. It shows the structure 

diagram of the Taguchi experimental design for the absorption and precipitation of ATH 

and the evaporation crystallization study for sodium carbonate. Three parts have been 

explored in the CO2 capture and reuse studies; the first is the Taguchi experiment, the 

second is the verification of optimum conditions, and the third is the evaporation crystal-

lization tests. The operating variables include the solution flow rate (A), concentration of 

the solution (B), gas flow rate (C), CO2 gas concentration (D), and liquid temperature (E), 

and each has four levels. Theoretically, there should be 45 = 1024 experiments. Therefore, 

a Taguchi experimental design was adopted, and the number of experiments was reduced 

to L16 (45) = 16 (https://www.minitab.com/en-us/, 2015); thus, we could save the working 

time and experimental cost [24,29]. After the Taguchi experiments, the absorption effi-

ciency (EF), absorption rate (RA), absorption factor (φ), overall mass transfer coefficient 

(KGa), and precipitation rate (RP) were calculated, and then, the Taguchi analysis was per-

formed. The optimum operating conditions were determined by the S/N (signal/noise) 
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ratio, the parameter importance was analyzed, and the validation was performed. Conse-

quently, there were an additional five experiments, so this research had a total of 21 ex-

periments. Moreover, the feasibility of recycling Na2CO3(s) in the evaporation crystalliza-

tion of filtrated solution was explored, and the optimum five groups were taken for testing. 

 

Figure 2. A framework explored in this work. Developed from [30]. 

3. Experimental Features 

3.1. Design of Experiments 

Table 1 shows the factors and levels of design of experiments; there are five factors 

with four levels for each factor. Table 2 is the orthogonal array. The factors in Table 1 

include liquid flow rate (A), concentration of solution (B), gas flow rate (C), CO2-gas con-

centration (D), and liquid temperature (E). For this study, the range of liquid flow rate (A) 

was 0.1–0.4 L/min; the range of fluid strength (B) was 1.0–2.5 M; the range of gas flow rate 

(C) was 3–12 L/min; the gas concentration (D) was 5–20%; and the range of liquid temper-

ature (E) was 25–40 °C. The main reference is the concentration of boiler and flue gas 

emission; B is the concentration of NaAlO2, determined by the operating range in the lit-

erature, which is 1–3 M [14]; C is the inlet gas flow rate; and D is the flow rate of NaAlO2 

solution. Both C and D were determined according to prior experience of this laboratory 

and some document information [29]. 

Table 1. Factors and levels designed in this work. 

Factors Level 1 Level 2 Level 3 Level 4 

Solution flow rate (L/min) (A) 0.1 0.2 0.3 0.4 

Concentration of solution (M) (B) 1 1.5 2.0 2.5 

Gas flow rate (L/min) (C) 3 6 9 12 

CO2-gas concentration (%) (D) 5 10 15 20 

Liquid temperature (°C) (E) 25 30 35 40 
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Table 2. Orthogonal array, L16 (45). From [30]. 

No. A B C D E 

1 1 1 1 1 1 

2 1 2 2 2 2 

3 1 3 3 3 3 

4 1 4 4 4 4 

5 2 1 2 3 4 

6 2 2 1 4 3 

7 2 3 4 1 2 

8 2 4 3 2 1 

9 3 1 3 4 2 

10 3 2 4 3 1 

11 3 3 1 2 4 

12 3 4 2 1 3 

13 4 1 4 2 3 

14 4 2 3 1 4 

15 4 3 2 4 1 

16 4 4 1 3 2 

3.2. Procedure 

There are two parts: (1) absorption and ATH precipitation experiment and (2) solvent 

recovery and Na2CO3 crystallization experiment. 

3.2.1. Absorption and ATH Precipitation Experiment 

The research facilities for the absorption of the bubble column absorber are shown in 

Figure 3. CO2 was absorbed by a continuous bubble column absorber in this experiment. 

First, the thermometer and pH meter were fixed to the scrubber, and the simulated CO2 

(A) and N2 (B) mixed gas was modified by the mass flow controller to the required con-

centration and admitted into bubble columns, and then preheated to 50 °C. When the pre-

pared absorbent was poured into the column, the cooling unit was started. Afterward, the 

absorption liquid was imported from the column top continuously to contact the gas feed 

from the bottom of the column. As the pH and temperature would change after the absor-

bent absorbed CO2, along with the generation of the ATH precipitate, it was a self-regu-

lating system. The mixed liquor was exported by overflowing continuously, and the outlet 

CO2 concentration was detected by the CO2 determinator during operation. When the de-

tected CO2 at the outlet was constant, meaning steady-state operation has been achieved, 

the recorded pH, pressure, and temperature tended to be constant. The CO2 mass balance 

was taken in the steady state, and the absorption efficiency, absorption rate, mass transfer 

coefficient, absorption factor, and precipitation rate were determined. The influence of 

flow rate, temperature, and concentration in the absorption process was actively con-

trolled by using this method. The operating variables were A, B, C, D, and E. The input 

volume of the NaAlO2 solution was recorded during operation. The liquid feeding was 

stopped after the experiment, the suspension was completely extracted by a peristaltic 
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pump, and the gas feeder was turned off. After the collected suspension was filtered upon 

completion of the experiment, the liquid volume was measured and recorded, the ob-

tained solid was dried, and then the XRD (Rigaku, D/MAX-2200/PC, Tokyo, Japan), 

FESEM (Jeol, JSM-6500F, Tokyo, Japan), and BET (PMI BET 201-APCW, NY, USA) anal-

yses were performed. According to XRD analysis, the polymorphs and particle sizes of 

ATH solid products could be determined, and the composition of the filtered solution was 

analyzed by a titrator as a reference for analyzing carbonate and recovering sodium car-

bonate. Among the 16 Taguchi experiments, five optimum groups were validated and a 

total of 21 experiments were conducted. The solution obtained in the optimum groups 

was used as the mother liquor of recovered sodium carbonate for solution return and so-

dium carbonate crystallization tests. 

 

1. N2-gas tank 9. Tubing pump 

2. CO2-gas tank 10. Digital thermometer 

3. Mass flow controller 11. pH electrode 

4. Heating system for gas 12. CO2 m 

5. Pressure gauge 13. Solution vessel 

6. Bubble-column scrubber 14. Storage tank 

7. Cooling system 15. Cooling coil 

8. pH meter 16. PC 

Figure 3. Removal of carbon dioxide and precipitation of Al(OH)3 using aqueous NaAlO2 solution 

as an absorbent in a bubble-column scrubber. Developed from [22,30]. 

3.2.2. Solvent Recovery and Na2CO3 Crystallization Experiment 

Subsequently, to recover the solvent and obtain Na2CO3·nH2O(s), the evaporation 

method can be used for crystallization to recover Na2CO3·nH2O(s). When the evaporation 

method is used, heat energy should be provided for evaporating the moisture [26,27], and 

the consumed energy must be evaluated. Here, the evaporative crystallization process 

was used; the water vapor is cooled and collected, and the energy consumption for recov-

ering sodium carbonate can be calculated according to the collected volume of liquor and 

temperature change. When the evaporation at a constant temperature is selected for crys-

tallization, the crystallization operation of removing moisture by evaporation can remain 

at a certain temperature (boiling temperature) for the solvent recovery and reutilization 

test. Afterward, a 300 mL recovery solution was put in the beaker with the electromagnetic 

heating stirrer being employed for evaporation, and the heater temperature was con-

trolled at 250 °C. Once the experiment began, the temperature changes were recorded, 



Energies 2022, 15, 1031 9 of 23 
 

 

and the volume of evaporated water was recorded after the operation. It required evapo-

ration of the solution, and the heating was stopped when a small amount of solution was 

presented. The high-temperature solution was cooled naturally to form a supersaturated 

solution, and the solid was separated naturally to form a suspension. After the cooled 

suspension was filtered by degassing, the liquid volume was measured, and the solid por-

tion was dried in a 40 °C oven, ground in a mortar box, and weighed. Finally, the compo-

sition was verified and analyzed by FTIR (Thermo Nicolet i55). 

4. Results and Discussion 

4.1. Steady-State and Data Calculation 

Various data of this study were calculated in steady-state. Taking No. 1 as an exam-

ple, the CO2 concentration, temperature of liquid in the column, gas input temperature, 

pH, and gauge pressure of inlet gas were determined, as shown in Figure 4, wherein the 

y-axis is defined as Y = (variation value/initial value or setting value). According to the 

experiment data plot, the amplitude of variation was significant in the time diagram of 

outlet CO2 concentration and pressure, but generally speaking, the temperature of liquid 

in the column, gas input temperature, or pH became stable after 30 min of experiment. In 

view of this, No. 1 was identified as steady-state operation, which is the criterion of 

steady-state operation in the other experiments (No. 2–No. 21). 

 

Figure 4. A steady-state operation for No. 1. 

Therefore, the data of absorption efficiency (EF), absorption rate (RA), overall mass 

transfer coefficient (KGa), gas–liquid molar flow ratio (γ), and absorption factor (ϕ) can be 

obtained. The calculated equations of outcome data are given in Table 3: 

Table 3. Equations with two-film model evaluated at steady-state. Developed from [3,29,31]. 

EF = (
yA1 − yA2

yA1
) × 100% (8) 

RA =
FA1
VL

[1 − (
1 − yA1
yA1

) (
yA2

1 − yA2
)] (9) 

KGa = (
Qg

VL
) × ln (

CA1
CA2

) (10) 

ϕ = γ ×
E

V
× yA1 (11) 

Rp =
MT × QL

VL
 (12) 
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The data were calculated as shown in Table 4. The EF range was 10.00–78.43%; the RA 

range was 8.4 × 10−5–7.53 × 10−4 mol/s·L; the KGa range was 0.035–0.192 1/s; the γ range was 

0.94–10.09; the φ range was 0.0828–0.4117 mol/(mol ·L); the RP range was 1.45 × 10−4–18.46 

× 10−4 mol/(s· L); and the pH was 11.90–13.52. The findings above illustrate that the data 

range was extensive, meaning that the effect of operating conditions was significant. Table 

5 shows the comparison between the findings of different absorption systems and the data 

of this study using bubble columns, including MEA-H2O-CO2, NaOH-H2O-CO2, NH3-

H2O-CO2, and NaGly-H2O-CO2 systems. In terms of EF, the absorption efficiency of MEA 

and NH4OH could be 100%, and the maximum value of this study was only 84%, close to 

that of sodium glycinate. The RA was lower than those of MEA, NaOH, NH3, and NaGly, 

but higher than that of MEA-CaCl2-H2O-CO2. Additionally, the KGa was lower than that 

of MEA but higher than that of MEA-CaCl2-H2O-CO2, close to those of the other systems. 

Therefore, there are two conditions. In the first condition, there are crystals after absorp-

tion, such as NH3-H2O-CO2, MEA-CaCl2-H2O-CO2, and NaAlO2-H2O-CO2, wherein the 

NH3-H2O-CO2 includes systems with crystals and without crystals; the pH of the system 

with crystals was 9.5. In the second condition, there are no crystals after absorption, such 

as MEA-H2O-CO2, NaOH-H2O-CO2, and NaGly-H2O-CO2. The EF and KGa were lower 

than those of the absorption system without crystals in general, but the RA of the absorp-

tion system of NH3-H2O-CO2 crystal was 5.08 × 10−4–10.99 × 10−4 mol/(s· L), lower than that 

of the MEA-H2O-CO2 system but higher than those of the other systems. Obviously, the 

absorption effect of the CO2 absorption system was influenced by the system and solid 

particles, and the solid particles adhered to the bubble surface and existed in the solution, 

obstructing the mass transfer of CO2, so the values of EF, RA, and KGa decreased. Generally 

speaking, the MEA-H2O-CO2 system had the best absorption. In terms of crystallizing sys-

tem, the NH3-H2O-CO2 system was a little higher than this system NaAlO2-H2O-CO2 com-

pared with EF, RA, and KGa, but the absorption efficiency of the NH3-H2O-CO2 crystallizing 

system was 15.9–26.7% only if pH = 9.5, the pH of this system NaAlO2-H2O-CO2 was 

11.90–13.52, the absorption efficiency was 10–84%, and it was more elastic. However, the 

pH of this project was mostly 12–13.52, close to 12–13.6 in the literature [18]. 

Table 4. Outcome data evaluated in this work. 

No. 
EF R

A 
× 10

4

 K
G
a γ φ Rp × 10

4
 

(%) (mol/(s· L)) (1/s) (-) (mol/(mol ·L)) (mol/(s ·L)) 

1 60.00 0.84 0.061 5.81 0.2127 1.35 

2 29.41 2.41 0.057 8.12 0.2975 3.37 

3 18.42 4.47 0.077 
10.0

9 
0.3451 6.49 

4 10.00 5.77 0.060 8.61 0.2103 11.54 

5 27.63 4.27 0.078 8.03 0.4117 5.98 

6 46.08 3.35 0.049 2.64 0.3028    4.89 

7 36.00 3.47 0.192 7.82 0.1718 1.98 

8 32.00 3.90 0.095 4.46 0.1741 8.59 

9 16.83 5.42 0.044 8.54 0.3546 10.68 

10 13.16 4.67 0.035 8.73 0.2132 11.06 

11 78.43 2.32 0.112 1.40 0.1372 4.09 
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12 60.00 1.95 0.147 2.26 0.0828 3.77 

13 23.53 4.66 0.111 8.51 0.2493 5.19 

14 48.00 2.66 0.180 4.30 0.1259 3.15 

15 41.58 7.53 0.100 2.52 0.2587 16.22 

16 64.00 2.87 0.072 0.94 0.1103 3.45 

Table 5. A comparison of data with different absorption systems. Developed from [30]. 

System EF (%) 
RA × 104 

(mol/(s · L)) 
KGa (1/s) Reference 

MEA-H2O-CO2 17.50–97.50 3.68–56.8 0.0342–0.8881 [31] 

NaOH-H2O-CO2 21.30–90.60 1.03–11.48 0.015–0.26 [26] 

NH3-H2O-CO2 10.09–100.00 3.21–10.99 0.0136–0.3302 [13] 

NaGly-H2O-CO2 25.64–87.01 2.30–9.89 0.051–0.305 [24] 

MEA-CaCl2-H2O-CO2 - 0.063–3.80 0.0183–0.0520 [22] 

NaAlO2-H2O-CO2 10.00–84.00 0.84–7.85 0.035–0.196 This work 

4.2. Taguchi Analysis 

This study discusses absorption efficiency, absorption rate, overall mass transfer co-

efficient, absorption factor, and precipitation rate to achieve optimization, so the larger-

the-better equation was used for calculation. It is shown below: 

 

(13) 

The data in Table 4 were calculated by the S/N ratio equation of the Taguchi method. 

Various data were substituted in Equation (13) to obtain the optimum operating condi-

tions and the order of importance of various data. Taking EF as an example, the data of EF 

of No. 1–No. 16 groups were substituted in Equation (13). The Delta is the basis of the 

order of importance of the Taguchi method; it is calculated by subtracting the minimum 

value from the maximum value of the four-level data after the larger-the-better value anal-

ysis. For example, the maximum value of Group A is Level 4 (31.16), the minimum value 

is Level 3 (26.13), and the difference is 5.03. The other groups are calculated in the same 

way; various data are substituted according to the distribution of the orthogonal array, 

and then the S/N (signal to noise ratio) factorial can be obtained. Table 6 shows the facto-

rial effect data of the S/N ratio of absorption efficiency. The order of importance of various 

variables to absorption efficiency was C (gas flow rate) > D (CO2 concentration) > A (liquid 

flow rate) > B (NaAlO2 concentration) > E (liquid temperature), so the flow rate and con-

centration of gas were the main factors, and the liquid temperature had the minimum 

effect. The optimum operating conditions were A4B3C1D1E3: liquid flow rate, 50 mL/min; 

NaAlO2 concentration, 2 M; gas flow rate, 3 L/min; CO2 concentration, 5%; liquid temper-

ature, 35 °C. 

Table 6. Taguchi analysis for EF using Equation (13). 

Level A B C D E 

1 29.60 27.62 (35.39) (33.56) 27.21 

2 30.54 27.08 30.81 31.06 28.46 

3 26.13 (29.53) 27.05 25.90 (28.62) 

4 (31.16) 25.41 23.38 24.38 25.26 











 

n

izn 1
2

11
log-10

N

S



Energies 2022, 15, 1031 12 of 23 
 

 

Delta 5.03 4.12 12.01 9.18 3.36 

Rank 3 4 1 2 5 

The S/N ratios resulting from EF, RP, KGa, RA, and φ are discussed below. A summary 

of optimum operating conditions and the order of importance derived from the Taguchi 

analysis of various data is shown in Table 7. Due to the five items of importance in Table 

7, to discuss the overall importance, the five-point method is used. For example, the order 

of importance of efficiency (EF) is C > D > A > B > E, wherein the scores of C, D, A, B, and 

E are 5, 4, 3, 2, and 1, respectively. The quantized values of the importance of the output 

data corresponding to various operating factors are shown in Table 8, and the overall se-

quence is D > A = B > C > E, meaning D (CO2 concentration) is most important and E (liquid 

temperature) is least important. Figure 5 shows the radar chart, showing the overall im-

portance of parameters. 

Table 7. Optimum conditions and significance of parameters. 

 Optimum Conditions Significance of Parameters 

EF (max) A4 B3 C1 D1 E3 C > D > A > B > E 

R
P 

(max) A3 B4 C3 D4 E3 D > C > A > B > E 

R
A 

(max) A2 B3 C4 D4 E2 D > C > A > B > E 

K
G
a (max) A4 B3 C2 D1 E4 B > A > D > E > C 

φ (max) A1 B1 C4 D4 E1 B > D > A > E > C 

Table 8. The quantized values of the importance of the output data. 

Factors A B C D E 

EF 3 2 5 4 1 

R
P
 3 2 4 5 1 

R
A
 3 2 4 5 1 

K
G
a 4 5 1 3 2 

φ 3 5 1 4 2 

Average 3.2 3.2 3 4.2 1.4 

 

Figure 5. A radar chart showing the parameters significance in this work. 
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4.3. Validation of Optimum Operating Conditions 

No. 1–No. 16 data (in Table 4) of the Taguchi experiment were compared with the 

data of the optimum group. The obtained data are listed in Table 9, and the EF, RP, RA, KGa, 

and φ were optimized, as shown in the red brackets, meaning the Taguchi method was 

feasible for the design of experiments. The RA was coincident with the Rp to some extent 

and the effects of temperature were different: the former one increased with temperature 

while the latter one decreased with temperature. The Rp and RA were drawn, including 

the data of the Taguchi experiment and optimum group experiment, as shown in Figure 

6. The Rp increased with RA, the solid line slope was 2.0, and the dotted line slope was 

1.25, meaning Rp was 1.25–2.0 times higher than RA, but the ratio was 2 or 1 according to 

Equations (6) and (7). In the view of stoichiometry, Rp was 1–2 times higher than RA, which 

may be the result of the reaction according to stoichiometry. The slope was 1–2, which is 

reasonable, not induced by the reaction according to stoichiometry. This finding contrib-

utes to the discussion of the precipitate ATH generated by the NaAlO2-H2O-CO2 system. 

Table 9. A comparison of confirmation data with Taguchi experiments. 

No. 
EF R

P 
× 10

4

 R
A 

× 10
4

 K
G
a φ 

(%) (mol/(s·L)) (mol/(s· L)) (1/s) (mol/(mol· L)) 

1–16 
10.00–

78.43 
1.35–16.22 0.84–7.53 

0.035–

0.192 
0.0828–0.4117 

17 (EF) (84.00) 2.03 1.16 0.127 0.0599 

18 (R
P
) 28.43 (17.48) 8.44 0.098 0.2557 

19 (R
A
) 10.89 10.41 (7.77) 0.060 0.2259 

20 (K
G
a) 68.00 4.14 2.32 (0.196) 0.1156 

21 (φ) 11.88 8.11 6.12 0.039 (0.6396) 

 

Figure 6. A plot of RP versus RA showing reaction mechanism in Equations (6) and (7). 

0 2 4 6 8 10
0

10

20

30

R  (10  mol/L s)A

R
  

(1
0

  
m

o
l/

L
 s

)
P

.

.

Taguchi experiments

Optimum conditions

-4

-4

Slope=2.0

Slope=1.25



Energies 2022, 15, 1031 14 of 23 
 

 

4.4. Characterizations of Solids and Crystal Sizes 

The lattice, crystallographic form, Miller index, and Full width at half maximum 

(FWHM) of the powder obtained in this study can be analyzed by XRD, so as to determine 

the composition, polymorphs, and crystal size of the powder. In the X-ray diffraction anal-

ysis overlay of 21 experiments, including 16 Taguchi experiments and 5 validation groups, 

the main component of the obtained powder was gibbsite, i.e., one of the states of alumi-

num hydroxide. The absorption peaks of Taguchi experiments are shown in Figure 7. The 

gibbsite has three polymorphs, including bayerite, doyleite, and nordstrandite. The ob-

tained aluminum hydroxide was mainly bayerite, which is monoclinic. In addition, No. 3 

was of boehmite crystallographic form. The boehmite is also known as aluminum oxyhy-

droxide, and its main molecular structure is AlOOH, which is orthorhombic. No. 5 and 

No. 21 (not shown in the figure) were free of peaks, so the composition could not be de-

termined, but they were analyzed by FTIR. Figure 8 shows the FTIR analysis results of 

No. 5 and No. 21 groups. The absorption peak of the No. 5 group matches the α-Al2O3 in 

the literature; it is a sort of alumina. No. 21 and No. 3 are boehmites compared with the 

literature. 

Additionally, the crystal size was analyzed by XRD in this study, i.e., FWHM, and 

the elementary crystal size of powder was determined with the Scherer equation. Taking 

No. 1 as an example, the copper target wavelength λ = 0.15406 nm, FWHM β = 0.288, and 

diffraction angle θ = 9.3905 were substituted in the Scherer equation, expressed as Equa-

tion (14): 

 
(14) 

The crystal size of No. 1 was 27.97 nm and the other groups were calculated in the 

same way. The data of various groups are listed in Table 10. The crystal size of the 19 

groups other than No. 5 and No. 21 was 8.14–27.87 nm, meaning that the primary crystals 

of ATH were nanosized. 

To further understand the structure of powder particles and to determine the particle 

size of No. 5 and No. 21, the specific surface area of powder was measured by the specific 

surface area analyzer. The most used method is the BET gas adsorption method, whereas 

the multipoint method is the most accurate. This method uses the adsorption–desorption 

curve of N2 in liquid condition (77 K) to analyze the specific surface area of the aluminum 

hydroxide powder prepared in this study [14]. The specific surface areas of 16 groups of 

the Taguchi experiment and five optimum groups were analyzed, and the specific surface 

area of aluminum hydroxide was 8.36–134.50 m2/g. The relationships of the particle size, 

specific surface area, and particle size analyzed by the measured specific surface area are 

expressed as follows. 

 
(15) 

where ρ (g/cm3) and SW (m2/g) represent density and specific surface area, respectively. 

Taking experiment No. 1 as an example, the specific surface area and density are 9.89 m2/g 

and 2.53 g/cm3, respectively, and when they are substituted into Equation (15), the particle 

size is 239.79 nm. The analysis results of 21 experiments are shown in Table 10. The parti-

cle size range was 30.91–269.49 nm, and the particle sizes of experimental group No. 5 and 

optimum group No. 21 of the absorption factor were 19.06 nm and 33.42 nm, respectively, 

meaning that the particle size could not be determined by XRD but could be determined 

by the BET analyzer instead. The particle size from BET was quite different from those 

crystal sizes from XRD, and the difference between some groups was over 10 times; this 

may be because the ATH powder prepared in this study showed severe agglomeration. 


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(c) 

 
(d) 

Figure 7. XRD patterns obtained in this work determining the composition and crystal size. (a) No. 

1–No. 5; (b) No. 6–No. 10; (c) No. 11–No. 13; (d) No. 14–No. 16. 
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Figure 8. FTIR absorption spectra for No. 5 and No. 21. 

Table 10. Crystal sizes and particle sizes measured by using XRD and BET instruments, respec-

tively. 

  XRD    BET 

No. λ (nm) β θ dXRD (nm) SW (m2/g) dBET (nm) 

1 0.15406 0.288 9.3905 27.97 9.89 239.79 

2 0.15406 0.708 6.8890 11.30 9.65 245.76 

3 0.15406 0.976 7.2355 8.14 25.24 93.96 

4 0.15406 0.337 9.3900 23.89 8.66 273.85 

5 0.15406 - - - 134.50 17.63 

6 0.15406 0.289 9.3600 27.87 11.80 200.98 

7 0.15406 0.462 9.3900 17.43 8.36 283.68 

8 0.15406 0.498 9.3400 16.17 13.12 180.76 

9 0.15406 0.328 9.3895 24.55 22.50 105.40 

10 0.15406 0.467 9.5115 17.25 25.60 92.64 

11 0.15406 0.475 9.3795 16.95 14.48 163.78 

12 0.15406 0.493 9.3000 16.33 14.18 167.25 

13 0.15406 0.405 9.3705 19.88 18.19 130.38 

14 0.15406 0.408 9.4465 19.74 9.72 243.99 

15 0.15406 0.334 9.3965 24.11 11.22 211.37 

16 0.15406 0.487 9.3765 16.53 13.55 175.02 

17 (E) 0.15406 0.480 9.3705 16.77 10.71 221.43 

18 (RP) 0.15406 0.496 9.3735 16.23 8.80 269.49 

19 (RA) 0.15406 0.290 9.1025 27.74 9.59 247.29 

20 (KGa) 0.15406 0.354 9.3205 22.74 14.49 163.67 

21 (φ) 0.15406 - - - 76.72 30.91 
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4.5. SEM Analysis 

The crystallographic form and microstructure of the ATH powder prepared in this 

study were analyzed by FE-SEM. The magnification of 30,000 was used for observation, 

and the voltage was 15 kV. No. 1–No. 4 are taken as examples, and the SEM analysis result 

is shown in Figure 9 with No. 1 showing a flower-like appearance, No. 2 and No. 3 being 

aggregate structures composed of irregular particles, and No. 4 being an urchin-like ag-

gregated structure. Figure 10 shows the SEM crystallographic form and microstructure of 

No. 5–No. 8, with No. 5 looking similar to No. 4 as amorphous, No. 6 being a plate-like 

structure, and No. 7 and No. 8 being elongated aggregates. The shapes of No. 9, 10, 11, 13, 

and 15 powders were similar to those of No. 7 and No. 8, which were elongated aggre-

gates. The shapes of No. 14, 17, 18, and 20 powders were similar to that of No. 1, and the 

shape of the No. 19 powder was similar to those of No. 2 and No. 3, being an aggregate 

structure composed of irregular particles. It can be determined that the operating condi-

tions had a certain effect on the crystallographic form of aluminum hydroxide. Figure 11 

shows the SEM particle form and microstructure of No. 5 and No. 21, which were amor-

phous, particle-like, and had little agglomeration and well-dispersed particles, unlike the 

other groups. A smaller particle size by BET than the other groups can validate the previ-

ously mentioned findings. The amorphousness and little agglomeration may be related to 

charges on the particle surface. The phenomenon of being amorphous, or a noncrystal and 

amorphous solid, means that the atoms thereof are arranged not according to a certain 

spatial sequence, contrary to crystals, as shown in Figure 11b. As the atoms have not yet 

been arranged into the thermodynamically crystalline lattice or skeleton before losing 

their moving speed, the possible distribution of atoms in a liquid state remains. 

  
(a) (b) 

  
(c) (d) 

Figure 9. SEM photographs for No. 1–4 showing the effects of conditions on the morphology. (a) 

No. 1; (b) No. 2; (c) No. 3; (d) No. 4. 
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(a) (b) 

  

(c) (d) 

Figure 10. SEM photographs for Nos.5–8 showing the effects of conditions on the morphology. (a) 

No. 5; (b) No. 6; (c) No. 7; (d) No. 8. 

  
 

(a) (b) (c) 

Figure 11. SEM photographs for No. 5 and No. 21 showing the particles in amorphous structures. 

(a) No. 21; (b) crystalline and amorphous; (c) No. 5. 

4.6. Recovery of Sodium Carbonate and Loading of Energy 

There were five optimum groups of recovered solutions obtained in this study. The 

moisture in the solvent was evaporated by heating, but not recovered. The supersaturated 

solution was generated after evaporation so that the precipitate solid could be separated. 

First, the electromagnetic heater was fixed at 250 °C, and the liquid temperature was rec-

orded every 10 min during magnetic stirring. Figure 12 shows the time diagram of liquid 

temperature of each group. It is noticeable that the temperature rose slowly from the ini-

tial time to about 50 min; this is sensible heat. The temperature stabilized gradually after 

50 min; this is latent heat. The heating time was two hours at least. Then, heating was 

stopped, and the solution was cooled and precipitates were formed gradually at room 

temperature. When reaching room temperature, the solid was filtered by degassing. The 
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filtered powders were then dried in the 40 °C oven and weighed, and the final volume of 

liquid was measured, with the result shown in Table 11. The temperature exceeded 100 

°C in the late stage of operation, meaning that the solution contained other constituents 

besides water, hence increasing the boiling point. This part should be put into considera-

tion in future analysis. 

This study employed the evaporation method for the sodium carbonate recovery test, 

and then the energy loading was evaluated. Here, the pH of initial solution was in excess 

of 12, indicating that only CO32− was present in the solution, as shown in Equation (5). In 

addition, no carbamate existed in the solution; therefore, no heat of absorption was re-

quired to be evaluated. There were only two heat energies herein, sensible heat and latent 

heat, and the total heat energy is: 

 
(16) 

Therefore, the total heat energy can be obtained until the sensible heat and latent heat 

are obtained [32]. 

The heat load data of No. 17–No. 21 groups are shown in Table 11, with the range 

1.70–2.46 GJ/t. Table 12 shows the heat load data range for regeneration of different sys-

tems in the literature. This laboratory used a gas stripping column to regenerate 

MEA+AMP solvent, and the heat loading range was 5.52–18.94 GJ/t-solvent [23]. In addi-

tion, the heat load range of regenerated sodium glycinate solvent (NaGly) of Chen and 

Lin [24] was 3.68–10.75 GJ/t-solvent. As this study has a lower heat load, the developed 

method has development potential. All five groups of solvent regeneration experiments 

generated solids, of which their compositions were analyzed by FTIR. The FTIR analysis 

overlay of No. 17 (E), No. 18 (RP), No. 19 (RA), No. 20 (KGa), and No. 21 (ϕ) is shown in 

Figure 13, and the solids from the five groups have similar transmittance properties (ab-

sorption peaks), with the main transmittance of 1450 cm−1. According to the literature, this 

is the transmittance of sodium carbonate [33], meaning that the product of solvent evap-

oration crystallization is sodium carbonate. 

 

Figure 12. Elapsed times of the solution temperatures during evaporation. 

Table 11. Data obtained in the evaporative crystallization. 

Items No. 17 (E) No. 18 (RP) No. 19 (RA) No. 20 (KGa) No. 21 (ϕ) 

Initial volume (mL) 300 300 300 300 300 

Final volume (mL) 55 100 65 70 14 

Yield (g) 4.28 1.53 4.54 1.98 4.46 

vap

P HmTmC Q
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Time (min) 220 130 200 160 230 

Loading (GJ/t) 2.16 1.70 1.97 2.05 2.46 

Table 12. A comparison of heat of regeneration with different systems. Developed from [23]. 

Solvent Conditions 
Heat of Regeneration 

(GJ/t-solvent) 
References 

KoSol-4 

Loading = 0.8 

L/G = 1.4–3.1 kg/(s·m3) 

ρ = 0.35–0.8 kg/cm2 

3.33–4.55 [34] 

MEA 
Loading = 0.25–0.49 

30 wt.% MEA 
1.15–4.35 [35] 

AMP 
Loading = 0.55 

30 wt.% AMP 
2.34 [36] 

Ammonia 
Loading = 0.0525–0.01236 

7–14% Ammonia 
0.054–0.23 [37] 

DETA 

Loading = 1.2–1.4 

Solvent flow 

rate = 3–12 m3/m2-h 

2–3 M DETA 

7.34–16.28 [38] 

PZ + AMP 
Loading = 0.4 

T = 120–150 °C 
3.40–4.40 [39] 

NaGly 

Loading = 0.11–0.54 

T = 100–120 °C 

3–6 M NaGly 

3.68–10.75 [24] 

MEA + AMP 

Loading = 0.3–0.5 

T = 100–120 °C 

4–6 M MEA + AMP 

5.52–18.94 [23] 

NaAlO2 solution 

Loading = 0.18–1.21 

T = 90–100 °C 

1–2.5 M NaAlO2 

1.70–2.46 this work 

 

Figure 13. FTIR spectra under different conditions. 
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5. Conclusions 

This study employed bubble columns as the scrubber and sodium aluminate solution 

as the absorbent, and adopted continuous bubble column operation to absorb CO2 and 

generate ATH precipitates. The EF, RA, KGa, φ, and RP were calculated under the steady-

state conditions, and the optimum operating conditions and the order of importance of 

various data were analyzed and verified by the S/N of the Taguchi method. The crystalli-

zation and energy loading of the five optimum operation groups were studied by the 

evaporation method, and the solution evaporation and crystallization to obtain sodium 

carbonate by condensing were studied. The quantized overall sequence of D > A = B > C 

> E showed that CO2 concentration was most important and liquid temperature was least 

important. The verified optimum values were found to be EF = 84.0%, RA = 7.77 × 10−4 

mol/s·L, KGa = 0.196 1/s, φ = 0.6396 mol/(mol·L), and RP = 17.48 mol/(s· L). The RP was 1.25–

2.0 times higher than RA, between stoichiometric reaction 1 and 2; hence, the theory was 

coincident with the experiment. The prepared ATH powders were agglomerated with 

tiny particles in the range of 8.14–27.97 nm. In addition to apparent agglomeration, the 

particle morphologies were flower-like, irregular, urchin-like, elongated, and amorphous 

particles. According to the evaporation and crystallization of sodium carbonate, the en-

ergy loading was found to be 1.70–2.46 GJ/t, which is better as compared with the other 

systems. Finally, the economic products of ATH and sodium carbonate could be prepared 

with a lower energy loading. Therefore, this study has reference values for plant-scale 

operations of related industries. 
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