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The growing urgency of global environmental issues and the critical role of green and sustainable chemistry in de-
veloping eco-friendly processes call for innovative strategies to minimize waste. The conversion of carbon dioxide
(CO,), the primary greenhouse gas, into high-value compounds such as sodium carbonate (Na,CO,) needs to be
carried out by reacting it with sodium hydroxide (NaOH) in solution. Optimal CO, conversion can be achieved when
integrating factors affecting the diffusion-reaction process is formulated correctly. Therefore, this research aims
to analyze and investigate the extent influence of NaOH concentration, reaction temperature, and stirring speed
in a pressurized system on the resulting Na,CO,. Observations were conducted across various variables to obtain
comprehensive data and information. NaOH concentrations were tested in the range of 10-30wt%, stirring speeds
of 200 and 300 rpm, and reaction temperatures of 20-50°C, with fixed variables of system pressure equivalent
to 9.8 kPa and CO, gas flow rate of 2 liters/minute. To ensure Na,CO, formation, characterization was performed
using Fourier Transform Infrared Spectroscopy (FTIR) and Scanning Electron Microscopy (SEM). The results show
that stirring speed, NaOH concentration, and system temperature can enhance the reaction rate and CO, diffusion
in the solution, as evidenced by the increased production of Na,CO,. The highest conversion was achieved at a
stirring speed of 300 rpm, NaOH concentration of 30wt%, and reaction temperature of 50°C, yielding 16.43 grams
per 300 ml or equivalent to 54.77 grams per liter. FTIR and SEM test results were identical to the Na,CO, product
under optimal conditions. The method in this research offers an alternative process worth considering, as it can
produce relatively high yields. However, further observations are still needed by combining NaOH concentration
and CO, flow rate to make the process more effective, efficient, and economical.
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Introduction

Climate change due to increasing CO, emissions in the
atmosphere has become a global problem. High lev-
els of CO, in the atmosphere trigger the greenhouse
effect and will accelerate global warming (Couespel
et al., 2024; Rogelj and Lamboll, 2024). CO, emissions
originate from human activities, primarily industrial
processes (Prajapati et al., 2024). Utilizing CO, as a raw
material to produce valuable products is a promising
and cost-effective approach that offers added value.
The success of these actions will contribute to reducing
carbon footprint, improving process economics sus-
tainably, and creating new job opportunities. There are
many types of greenhouse gases, namely CO,, methane
(CH,), nitrogen oxides (NO,), and fluorinated gases. CO,
accounts for the majority of greenhouse gas emissions
at 76%, while the remaining emissions consist of CH, at
16%, NO, at 6%, and fluorinated gases at 2% (Ozerdem
and Ozerdem, 2024). Therefore, maintaining the stabil-
ity of CO, levels in the atmosphere becomes very im-
portant and necessary. Creating alternative technology
using CO, as a raw material for a process is a concrete
step to address this problem. This research attempts to
transform CO, into Na,CO, by contacting CO, gas with a
liquid phase substance in NaOH solution. This process
has strong potential for success due to the high solubil-
ity of NaOH in water and the ability to optimize CO, gas
solubility by controlling key factors in the absorption
process, allowing the reaction between NaOH and CO,
to proceed efficiently and produce Na,CO,.

Theoretically, the synthesis of Na,CO, from CO, and
NaOH can be written as in Equation (1) (Chan et al., 2025).

€O, +2NaOH & Na,COs+ H,0 M

The reaction in Equation (1) proceeds through an inter-
mediate reaction mechanism, so it is not a direct reac-
tion but instead proceeds through reactions as shown
in Equations (2) and (3) (Evans et al., 2024).

CO,+Na"+OH - NaHCOs3 (2)

NaHCOs3;+Na*+OH - Na, CO; + H,O (3

Therefore, proper operating conditions are needed for
maximum Na,CO, product formation, and the reaction
products should not stop at the intermediate product
NaHCO,. The reaction product in the form of Na,CO, can

&
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later be widely utilized, including as a food additive (Pla-
za et al., 2004), precursor adsorbent (Al-Mamoori et al.,
2023), and catalyst (Rubangakene et al., 2023). Thus, the
added value generated from converting CO, to Na,CO;, is
quite substantial. In addition, this process has the poten-
tial to be applied on an industrial scale due to its sim-
plicity, the use of readily available raw materials, and
the absence of extreme operating conditions. From an
economic standpoint, CO, capture using this method can
reduce production costs by utilizing a semi-continuous
system without complex stages. From an environmental
perspective, the CO, capture process supports efforts to
reduce carbon emissions through the direct conversion
of CO, into valuable products. Therefore, this research
can serve as an initial bridge toward the broader indus-
trial application of NaOH-based CO, conversion.

The reaction between CO, and NaOH solution is clas-
sified as a heterogeneous reaction and is governed by
the diffusion-reaction mechanism (refer to Fig. (1)).
The rate of this reaction depends on how quickly CO,
bubbles can diffuse into the NaOH solution. Efficient in-
teraction between CO,and NaOH occurs when the dif-
fusion process is fast and unobstructed.

Fig. 1. lllustration of the diffusion-reaction phenomenon between
CO,and NaOH
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The diffusion-reaction concept in Fig. (1) can be ex-
plained using empirical equations presented in Equa-
tions (4) - (5) (referring to Fogler, 2006).

dCCOz dCCOz
—_———2 = —_— 4
m D 5 (%)
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When the reaction system conditions have reached
steady state, diffusion rate will be equal to the reaction
rate, and Equation (4) — (5) can be simplified to Equa-
tion (6).

dac
D % = k1 Cco, Cnaon — K2 Cnayco, Chyo ©)

where C., — concentration of CO, (mol/L); - con-
centration of NaOH (mol/L); Cyycn — cOncentration of
Na,CO, (mol/L); C,z, — concentration of H,0 (mol/L);
6 - film layer (dm); D - diffusivity coefficient (dm?/s);
Cco, _ diffusion rate and reaction rate (mol/L-s);
k, — reaction rate constant in the forward direction
(L/(mol-s); k. — reverse reaction rate constant (L/(mols).

Research on CO, capture using NaOH solution to re-
duce CO, gas emissions and produce Na,CO, has ex-
perienced relatively rapid development (see Table 1).
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However, most previous studies were carried out un-
der atmospheric pressure without stirring, which led
to suboptimal CO, capture results (See Table 1). Un-
der these conditions, the diffusion-reaction process is
limited, resulting in lower product yields. Additionally,
many of the studies focused solely on material char-
acterization without providing quantitative data on the
final product (Guchhait et al.,, 2022). In some cases,
the reaction only produced intermediate compounds
such as NaHCO, (Kuliyev et al., 2023), indicating that
the conversion process was not yet fully optimized.
Therefore, this research attempts to observe and inte-
grate these factors (pressure and stirring speed) with
NaOH concentration and reaction system temperature
factors. This action was taken based on the theoretical
concepts written in Equations (5) - (8) (Bird et al., 2002;
Fogler, 2006; Mutailipu et al., 2024; Wang et al., 2024).

Table 1. Studies related to Na,CO, synthesis using CO, gas as the main raw material

Material used

CO, from coco-
nut shell com-
bustion and

NaOH solution.

NaOH solution,
Na,CO, and
NaCl solution.

Flue gas from
power plant
chimney.

CO, and NaOH
solution.

CO, from air
and NaOH
solution.

CO, and Na-
,Si0, solution.

Operational Conditions

Direct contact with NaOH at a concentration
of 5-8 M, atmospheric pressure, and room
temperature.

Attempting to separate a mixture of NaCl,
NaOH, Na,CO, product, which is carried out
at an operating temperature of 20-40°C
(illustration of the separation process of the
reaction products between CO,and NaOH).

NaOH concentration of 0.1-1 M and atmos-
pheric pressure.

CO, flow rate 20-500 ml/min., NaOH solu-
tion pH 12.7-13.7, reaction temperature
25°C, and atmospheric reaction pressure.

NaOH concentration 3-30wt%, CO, con-
centration 0.0153-1.2 vol%, reaction tem-
perature 5-20°C, CO, gas circulation flow:
0.4-1.6 L/min.

CO, gas flow rate 1.037-2.26 L/min., and
sodium silicate (Na,SiO,) concentration
5-10wt%.

Optimum condition, products or conversions achieved References
Optimal conditions were achieved at 7 M NaOH
solution with Na,CO, product amount of 190.6 Simanjuntak
grams/ 20 liters of solution or equivalent to 9.53 etal. (2014)
grams liter of NaOH solution.

The membrane separation of Na,CO, product pro- Salmon
ceeded well and effectively. etal. (2017)
There is no information on the quantity of Na,CO,

product, but the characteristic results using Scan- .

) . : . Guchhait
ning Electron Microscopy — Energy Dispersive X-ray et al. (2022)
Spectroscopy (SEM-EDX) and X-ray Diffraction '

(XRD) show that Na,CO, product was formed.
The conductivity test results of the reaction solution
compared to standard Na,CO, and NaHCQO, solutions
indicate that Na,CO, product was formed, but anin- | Kuliyev et
termediate product in the form of NaHCO, was still al. (2023)
present. However, there is no information about the
quantity of either Na,CO, or NaHCO, products.
Optimal conditions were obtained at éwt% NaOH
concentration, reaction temperature of 20°C with .

. . Ghaffari
the highest mass transfer coefficient, and Na,CO, etal (2023)
product was formed (no information on the quantity ’
of product produced).
The optimum condition was achieved at a CO, gas Ali and
flow rate of 1.648 L/minute and sodium silicate Ibrahim
solution concentration of 10wt%, with the resulting (2024)

Na,CO, product yield of only 25.63%.
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i kq (10)

where y.,, — molar fraction of CO, in gas phase (unit-
less); X, — molar fraction of CO, in liquid phase
(unitless); Hep,.1,0 — Henry constant CO, - H,0 (Pa);
P - system pressure (Pa); Sh — Sherwood number
(unitless); Re — Reynolds (unitless); p (g/dm?®) — density,
M - viscosity (Pa.s); d,,, — impeller diameter (dm);
Sc = Schmidt number (unitless); kd — mass transfer
rate constant (m/s); N — stirring speed (rpm). A — col-
lision frequency (order 1 (1/s) and order 2 (L/mol-s));
Ea — Activation energy (J/mol); R - Universal gas
constant (8.314 J/mol-K); T — Absolute temperature (K).

When the reaction system is pressurized and con-
ducted above atmospheric pressure, there is a more
significant potential for more CO, gas to dissolve (see
Equation (6)) into the NaOH solution. Similarly, rais-
ing the temperature of the reaction system increases
the values of either k, or k,. Meanwhile, increasing the
NaOH concentration (C,,,) directly affects the diffu-
sion-reaction rate (see Equation (6)).

Integrating these factors can potentially increase the
diffusion-reaction rate and increase the amount of
Na,CO, produced later. However, everything has a max-
imum point. Therefore, observation of the reaction con-
dition integration needs to be carried out. When it has
exceeded its optimum conditions, increasing reaction
variables will no longer have an effect, and the process
becomes no longer effective and efficient. Therefore, the
purpose of this research is to analyze and investigate the
extent of the influence of NaOH concentration, reaction
temperature and stirring speed in a pressurized system
on the Na,CO, produced. The hope of this research is to
complement information related to operating conditions
from previous research so that effective, efficient, and
economical operating conditions will be obtained for the
synthesis of CO, and NaOH-based to Na,CO; in the future.
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Material and Methods

Raw materials and equipment

The raw material used is purified CO, gas — purchased
from Gasindo Andalan Sukses Co., Ltd., Cilegon,
Banten, Indonesia — with 99% purity. NaOH solution
was made by dissolving MERCK-brand NaOH pellets,
adjusted to a specific mass corresponding to a concen-
tration range of 10-30%. The research equipment con-
sists of a CO, gas cylinder, a regulator, a flow meter, an
overhead magnetic stirrer, a heating mantle, a gas dis-
tributor, and a water tank to maintain system pressure.
The research equipment can be seen in detail in Fig. (2).

Fig. 2. Schematic of research equipment for Na,CO, synthesis from
CO, gas and NaOH

Flow meter
Over head
strirrer

Regulator

>
€O, distribution
hole

Water tank

Experimental procedure

Add the NaOH solution at the predetermined concen-
tration of 20-30wt% in 300 ml to the 3-neck flask. Fill
the water tank with water to a height of 100 cm, equiv-
alent to a hydrostatic pressure of 9.8 kPa. Turn on the
heating mantle and regulate the solution’s temperature
until it reaches the target reaction range of 30-50°C.
Activate the overhead magnetic stirrer and adjust it
to the designated stirring speed (200 and 300 rpm).
The next step is to open the regulator valve and ad-
just the CO, gas flow meter at 2 liters/minute. After 60
minutes, stop reaction process. Separate the reaction
product from the liquid through a filtration process us-
ing filter paper. The solid retained on the filter paper is
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the reaction product, which is dried in an oven at 110°C
for 2 hours to evaporate any remaining water in the
product. The quantity of product obtained is calculated
using Equation (11).

Mproduct =MmMy— M (1)
where M, ;.. — mass of reaction product produced

(gram); m, — mass of product + filter paper after oven
drying (gram); m, — mass of empty filter papers (gram).

This research also attempted to model the reaction
process using a mathematical model. This was done to
predict and understand the phenomena occurring dur-
ing the reaction process. Modelling was only performed
under the best operating conditions, and the required
data was the NaOH reduction data at reaction times of
0, 20, 40 and 60 minutes. The determination of NaOH
content at specific reaction times using an acid-base
titration method, using 0.1 N H,S0O, as the titrant. The
NaOH content from the titration was calculated using
Equation (12).

V¢.N. M,
Cnaon = ——% (12)

VS
where C,,on — NaOH concentration at a specific time
(mg/L); V, - titrant volume (L); N - H,S0O, titrant
normality (N); M, — molecular weight (gram/mol);
V, — sample volume (L).

Characterization techniques

To determine whether the reaction product is Na,CO,,
NaHCQO,, or a mixture of both, the dried sample was
examined with Fourier Transform Infrared Spectros-
copy (FTIR) using an Alpha Il Bruker ATR instrument
to monitor changes in functional group peaks. Spectra
were collected over the 4000-500 cm™' range at a res-
olution of 4 cm™" with 32 scans. To confirm and rein-
force the FTIR findings, Scanning Electron Microscopy
(SEM) was performed on a Zeiss microscope under an
accelerating voltage of 10.00 kV, a working distance
(WD) of 8.58 mm, and 2.50 KX magnification. Before
imaging, samples were sputter-coated with a thin gold
layer to enhance surface conductivity and obtain clear
morphological images. These combined analyses en-
abled precise observation of the surface morphology
and microstructure, providing a definitive and repro-
ducible identification of the products formed during the
reaction.
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Mathematical model testing

Further development of research to the pilot plant stage
and even to the commercial stage requires a reaction rate
constant (k). The reaction rate constant value is needed for
reactor design and operation purposes. This study uses
a simple mathematical model to predict the occurring
phenomena, namely the Pseudo homogeneous model
that refers to Equation (5). However, several assump-
tions are applied. This is done to simplify the calculation
process in the future applications. The assumptions are: 1.
CO, is continuously introduced and stopped when the re-
action time ends, so it can be assumed that stoichiomet-
rically, CO, is in excess. Therefore, the reverse reaction is
neglected assumption 2. The calculation approach is
based on changes in NaOH concentration during the
reaction process. Based on these two assumptions,
Equation (5) can be simplified into Equation (13).

__ dCNaoH _ k!
=K

dt Cnaon (13)

ki = 2 kl CCOZ (14)

Boundary conditions for the mathematical model are
as follows:
The initial concentration of NaOH at t = 0 is Cy,y,
The reaction takes place in the liquid phase, and
CO, gas is assumed to be evenly distributed at the
interface under steady-state conditions.
The stirring effect is assumed to be uniform at all
positions, creating a homogeneous gas-liquid film.

Referring to Equation (13), the model will be extended into
first order and second order forms, which are common-
ly applied in predicting absorption behavior and general
chemical reaction kinetics (Yasar and Kadhem, 2024).

Model of first order

The first-order model can be taken directly from Equa-
tion (13), which is integrated to become Equation (15).

In(Cyaon) = In(Cnaon,) — k1t (15)

Model of second order

In the second-order approach, Equation (13) is modi-
fied into Equation (16).

__dCNaoH _ k!
=K

2
de Cnaon (16)
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When integrated, Equation (16) will be obtained.

11

+ ki t 17)

CNaOH CNaOH,
The validation of the mathematical model against the
experimental data can be carried out in Microsoft Excel
by analyzing the R?value (coefficient of determination)
from the generated trendline. According to Tziotzios et
al., (2024), a model is considered valid for representing
the reaction process if the R?value is close to 1.

Results and Discussion

Effect of stirring speed

Fig. (3) shows that increasing the stirring speed pos-
itively impacts the product yield. When the stirring
speed was increased from 200 rpm to 300 rpm, the
amount of product obtained increased by 311.58%
from the initial condition, from 3.28 grams at 200
rpm to 10.22 grams at 300 rpm. These results indi-
cate that the increase in stirring has a significant ef-
fect on the diffusion rate (see Equations (9a) - (10)
and Equation (4)). The increased stirring speed can
reduce the diffusion resistance caused by the film
layer (8), resulting in a very high increase in diffusion
rate. When related to Equation (6), this phenomenon
becomes very logical: when the diffusivity rate in-
creases, it is followed by an increase in reaction rate
and product yield.

Fig. 3. Effect of stirring speed at system temperature of 30°C and
NaOH concentration 10wt%

Mass of product, gram

200 300
Stirring speed, rpm
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The trend in this research shows similarities with the
study conducted by Atmani et al., (2024), specifically in
the color removal process performed at stirring speeds
of 100 and 700 rpm. The results of Atmani et al., (2024)
showed that the percentage of color removal increased
from 71% to 83.4%. This means that the effect produced
by increasing the stirring speed significantly influences
the diffusion process and chemical reactions that occur.

Effect of NaOH concentration

The increase in NaOH concentration in the solution
within the reaction system leads to an increase in the
product yield (see Fig. (4)). In sequence, for NaOH con-
centrations of 10, 20, and 30wt%, the product masses
obtained were 10.22, 13.18, and 13.78 grams. Increa-
sing the NaOH concentration variable in the solution
will increase diffusion and reaction rates (Equation (6))
due to its direct proportion to the change in reactant
concentration. From a molecular perspective, increas-
ing the NaOH concentration at constant temperature
and stirring speed enhances the Brownian motion of
NaOH molecules (Oreyeni et al., 2024), which in turn in-
creases the collision frequency (A). This directly affects
the reaction rate constant as shown in Equation (8).

The results of this study are reinforced by research
conducted by Michelson et al., (2024) on CO, capture
observations. NaOH concentration variation was per-
formed by adding NaOH to the solution to maintain
pH in the range of 8-14, which showed that increa-
sing solution pH (increasing NaOH concentration) had a
positive impact on increasing CO, absorption efficiency.

Fig. 4. Effect of NaOH concentration at reaction temperature of 30°C
and stirring speed of 300 rpm

13.18

Mass of product, gram

10 20 30
Concentration of NaOH, %
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These results prove that increasing NaOH concentra-
tion in CO, and NaOH contact positively impacts the
absorption process. However, when observing Fig. (4),
the increase in product yield was not as significant as
with the stirring speed variable (see Fig. (3)). At NaOH
concentrations from 10wt% to 20wt%, the product yield
only increased by 2.96 grams, and subsequently, from
NaOH concentration 20wt% to 30wt% only increased by
0.6 grams. This phenomenon is likely because NaOH in
the reaction system has reached maximum interaction
with CO, to form products (referring to Equations 2-3).
To increase the reaction product yield (sodium car-
bonate), it may be possible to increase NaOH concen-
tration above 30wt% and vary the CO, flow rate to de-
termine the dominance level of impact (whether NaOH
concentration or CO, flow rate) on the reaction results
obtained; however, while ensuring that the product
formed is Na,CO,rather than NaHCO..

Effect of reaction temperature

As shown in Fig. (5), increasing the reaction temper-
ature in the reaction system leads to an increase in
reaction rate, as evidenced by the mass of the prod-
uct obtained. These results align with the concepts in
Equation (8) and Equation (5). When the reaction tem-
perature is raised, the reaction rate constant increases,
leading to an increase in the reaction rate between CO,
and NaOH. The sequential increase in product mass
obtained was 13.78, 15.14, and 16.43 grams for reac-
tion temperatures of 30, 40, and 50°C. Based on anoth-
er concept referring to the Wilke-Chang equation (Bird
et al., 2007), increasing reaction temperature reduces
the viscosity of the NaOH solution. This condition caus-
es the diffusion rate of CO, into the NaOH solution to
increase as the external resistance in the form of a film
layer decreases due to the increase in system temper-
ature (see Equations (?a) - (10)). This condition leads to
enhanced interaction between CO, and NaOH, followed
by an increased reaction rate.

This study produced significantly higher yields than
the results of research conducted by Simanjuntak et
al., 2014. The research by Simanjuntak et al., 2014
only achieved 9.53 grams/liter of NaOH solution (see
Table 1), while this study achieved 16.43 grams/300
ml of NaOH solution, equivalent to 54.77 grams/liter
of NaOH solution (a difference of 5.75 times or 575%).
Thus, implementing a pressurized system integrating
influential factors has proven successful, effective, and
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efficient. To verify this success, a detailed analysis was
conducted regarding NaOH concentration changes over
time, measured at reaction times of 0, 20, 40 and 60
minutes. As shown in Fig. (éa) and Fig. (6b), the NaOH
concentration decreased significantly from 1.28 mg/L
to 0.09 mg/L (from reaction time 0 to 60 minutes).
When converted, the NaOH converted product amounts
to 93.36%. Therefore, the integration of NaOH concen-
tration, reaction temperature, and stirring speed in the
pressurized reaction system for Na,CO, production in
this study has been successful. Based on the trends
shown in Fig. (6), if the reaction time were extended be-
yond 60 minutes, NaOH conversion could reach 100%.

Fig. 5. Effect of reaction temperature at stirring speed of 300 rpm
and NaOH concentration of 30wt%

Mass of product, gram

Temperature of Reaction,°C

Based on observations at a reaction temperature
of 50°C (see Fig. (5)), where a high product yield of
16.43%/300 ml of NaOH solution was achieved, CO, cap-
ture using NaOH shows strong potential as a sustainable
carbon emission management strategy. The process can
be integrated into industries that emit CO,, such as pow-
er plants, cement production, petrochemical industries
and metal processing. In addition to reducing emissions,
this integration also produces commercially valuable
Na,CO,, which can be reused in chemical manufacturing,
water treatment, and other industrial applications. This
approach supports both carbon capture and utilization
(CCU) and the circular economy.

Testing of reaction kinetics model

The reaction-kinetics calculations in this study were
carried out under the optimum conditions: a stirring
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speed of 300 rpm, an NaOH concentration of 30%, and
a reaction temperature of 50°C. Fig. (4) shows that
when the NaOH concentration was raised from 20% to
30%, the product yield increased only from 13.18% to
13.78%. This suggests that stirring no longer meaning-
fully affects diffusion and that external mass transfer
resistance is negligible. In Fig. (5), raising the reaction
temperature from 30°C to 50°C increased the product
mass from 13.78 grams to 16.43 grams, indicating that
temperature strongly influences the reaction rate in
accord with the Arrhenius principle. Given the data in
Fig. (4) and Fig. (5), it is reasonable to model the sys-
tem by neglecting diffusion effects and assuming ki-
netic control. Nonetheless, further work should ex-
plore the influence of stirring speed over a wider range
(above 300 rpm) while keeping the NaOH concentration

2025/81/4

2

constant, so that future trends can be established with
greater certainty.

Based on Fig. 7(a) and Fig. 7(b) (derived from the data pro-
cessing in Fig. é6(a) and Fig. é(b), particularly Fig. é(a)) the
trendline results using Microsoft Excel for first order and
second order kinetic models show that the R? value for first
order is closer to 1 than for second order, with values of
0.9901 and 0.8291, respectively. This data indicates that the
reaction between CO, and NaOH follows first-order kinetics,
and the approach taken with several assumptions is suffi-
ciently valid. Thus, the increase in reaction rate in this study
is proportional to the increase in NaOH concentration.
Based on the trendline and the equation shown in
Fig. (7a), corresponding to Equation (15), the calculated
value is 0.0455 per minute. This indicates that 4.55% of
NaOH reacts with CO, gas every minute.

Fig. 6. Effect of reaction temperature on: (a) NaOH decrease in the reaction system, (b) on the resulting reaction conversion

1.5 4

1.2 4

0.9

0.6 1

CNaOH, mg/L
-]
o

0.3 25

0 20 40 60
Time, minute

(@

100 93.36_
3

80.47
80

60 49,

40

NaOH Conversion, %

20

0 20 40 60
Time, minute

(b)

Fig. 7. Effect of reaction temperature on: (a) first order, (b) second order
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Testing of reaction product characteristics

Fig. (8a) and Fig. (8b) shows that the peaks appearing
in the FTIR analysis of the reaction products at 10wt%
NaOH concentration versus 30% NaOH concentration
produced different peaks. When compared to standard
FTIR spectra from established references, specifically
for NaHCO, and Na,CO, (as reported by the NIST (2023),
the product formed at a 10% NaOH concentration
shows FTIR peaks that more closely match those of
standard NaHCO, than those of standard Na,CO,. Mean-
while, at 30wt% concentration (Fig. (8b)), the emerging
peaks are almost 100% similar to Na,CO,. Referring
to the concept in Equation (1), these FTIR test results
are logical because the availability of NaOH in the re-
action system is higher at 30wt% NaOH concentration
compared to 10wt% NaOH concentration. This condi-
tion allows NaHCO,, which is an intermediate product,
to react again with the NaOH present in the reaction
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system to continue the reaction, forming Na,CO, (see
Equations (2) and (3)). However, when the availability of
NaOH in the system is very low, the reaction stops, and
the final product has a composition containing more
NaHCO, compared to the main product, Na,CO..

The SEM testing results reinforce the findings from
the FTIR test (see Fig. (?a) and Fig. (9b)). The SEM re-
sults revealed clear differences, with Fig. (9a) showing
a large number of small rod-shaped crystals that are
morphologically consistent with NaHCO, (Crampon et
al., 2023). In contrast, Fig. (9b) morphologically con-
tains very few tiny rod-shaped crystals and is domina-
ted by crystals with flat and smooth morphology, and
this is identical to Na,CO, (Wang et al., 2019; Simanjun-
tak et al,, 2014). Fig. (9a) and Fig. (?b) indicate that if
the desired main product is Na,CO,, it should be carried
out at approximately 50°C and a NaOH concentration
> 30wt%.

Fig. 8. Scanning electron microscopy (FTIR) test results: (@) NaOH concentration 10wt%, (b) concentration 30wt% at reaction temperature of 50°C
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Fig. 9. Scanning Electron Microscopy (SEM): (a) NaOH concentration 10wt%, (b) concentration 30wt% at reaction temperature of 50°C
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Conclusions

The combination of pressurized system (9.8 kPa) and a
stirred process used in this study, integrated with other
influential absorption factors such as NaOH absorbent
concentration and system temperature, had a positive
impact on CO, capture performance. Increases in NaOH
concentration, stirring speed, and system temperature
enhanced the diffusion-reaction rate, as evidenced by
the increase in product yield and conversion. Nota-
bly, at a temperature of 50°C, NaOH concentration of
30wt%, and stirring speed of 300 rpm, the process was
able to convert up to 93.36% of NaOH within 60 min-
utes, producing a product identical to Na,CO..

The pressurized reaction system in this research com-
pared to without pressure in references significantly
affects the sodium carbonate product produced, in-
creasing it by 5.75 times or 575%. In terms of chemical
reaction rate, this research follows a first-order math-
ematical model with an R? value approaching 0.9901
with a value of 0.0455 minutes™. The best conditions
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