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ARTICLE INFO ABSTRACT

Keywords: If absolutely nothing is taken to reduce carbon dioxide (CO2) emissions, atmospheric concen-
Chemical absorption trations of carbon dioxide will rise to 550 parts per million by 2050, which will have disastrous
CO; gas

effects on the world’s climate and food production. An apparatus has been designed and setup to
convert CO3 into a useful and vital product which was silica. The effect of different experimental
factors on the compositions by weight percent of SiO3 and Na,CO3 were studied including the CO2
gas flow rate (1.037, 1.648 and 2.26 L/min), initial concentration of sodium silicate (Na3SiO3)
solution (5, 7.5 and 10 %wt) and the packing size (15.95, 20.175, and 24.4 mm). An optimization
process was performed using the Design Expert software program to achieve the optimum
experimental conditions at which the maximum weight percent of SiOy (main product), the
minimum weight percent of (NayCOs3) (side product) and the minimum reaction time were
determined. From the optimization process, the maximum weight percent of SiO5 (25.63 %), the
minimum weight percent of (NayCO3) (9.62 %) and the minimum reaction time (7.59 min) were
achieved at the following optimum experimental conditions of CO; gas flow rate = 1.648 L/min,
packing size = 24.4 mm and initial concentration of sodium silicate solution = 10 %wt.

Silica

Sugarcane bagasse
Packed bed column
Optimization

1. Introduction

Three-quarters of all emissions come from carbon dioxide, making it the principal greenhouse gas [1]. Carbon dioxide, the most
harmful and pervasive greenhouse gas, is now reaching record highs in the atmosphere [2,3]. It is mostly due to human interference,
more so the burning of fossil fuels. The result is a worrying rise in the concentration of greenhouse gases in the air [4]. Emissions of
carbon dioxide and other greenhouse gases have serious consequences for the planet, food production, disrupts natural habitats for
animals, and even causes some of these extreme weather phenomena, such as tropical storms, wildfires, severe droughts, and warmer
temperatures [5].

Understanding the primary sources of greenhouse gas emissions is essential for finding possibilities to reduce such emissions. The
primary sources of greenhouse gas emissions are; plants that are used fossil fuels such as natural gas, coal, and crude oil to generate
energy, agriculture, construction, transportation, and industries [6]. The burning of fossil fuels accounts for more than 80 percent of
global greenhouse gas emissions, which produces carbon dioxide (CO3) [7]. Coal is the primary energy source used in the
energy-intensive process of manufacturing steel. 7-9% of the direct carbon output from the usage of fossil fuels worldwide was caused
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by the manufacturing of steel [7]. Emissions need be significantly reduced to meet the 2050 goal which is keeping global warming
below 1.5 °C [8].

Carbon dioxide emissions are mitigated by several Research and Development (R&D) efforts aimed at reducing them [6,9]. A
classification of its uses is; Production of chemicals (e.g., raw materials for polymers and carbonates). The second is the production of
fuels (e.g., production of gasoline and diesel raw materials). The third is biological exploitation (e.g., a source of C for microalgae
growth). The fourth is for conventional uses (such as solvents) [6,9].

Capturing carbon dioxide gas released by burning fossil fuels or organic materials requires four primary technologies as represented
in Fig. 1: In pre-combustion capture, carbon is removed from the atmosphere before it is burned, post-combustion carbon capture
removes carbon dioxide from flue gases through a variety of processes, including chemical absorption, physical adsorption, membrane
separation, and cryogenic separation. While in oxy-combustion, carbon can be captured after combustion has taken place in an oxygen
atmosphere (for example, using of an oxygen gas turbine) [10-12]. When nitrogen is removed from the air prior to combustion, oxygen
can be produced [10].

For CO, capture, a variety of methods are available, including membrane separation, cryogenics, adsorption, and absorption as
represented in the following Fig. 2 [3,13]:

Adsorption process, when a gas or liquid flows past a solid absorbent, the absorbent’s surface will take in some of those molecules.
As the gas is pumped through the bed, the solid particles take up the elements it contains [14]. Given that the process generates heat,
the adsorbents can be reused by increasing the temperature at which they are operated. These are the benefits of this process: It has
fewer energy requirements, reduced operating costs, and a 90 % reduction in CO2 emissions. On the other hand, the process
configuration is difficult and the need of enormous amounts of energy to operate the process [6].

When the concentration of CO; in a stream is high, often greater than 50 %, cryogenic separation is often utilized to extract the gas
[15]. This method’s main benefits are that it could be applied at room temperature and pressure, and that no chemical adsorbent is
necessary. It is challenging to employ this technology for CO» collecting due to the presence of other gases, such as sulphur oxides,
nitrogen oxides, and water vapor, which significantly reduce cooling and lead to erosion, contamination, and clogging [12,13].

The membrane separation technique uses between 0.5 and 6 MJ kg~ of CO, removed, which is significantly less energy than is
required by other available technologies. The membrane also acts as a semi-permeable barrier, controlling the diffusion of molecules
between the two phases to create separation. The low CO; purity and removal efficiencies of this method render it inefficient, despite
its low cost [12,16].

When the two phases in the mixture are gas and liquid, the absorption process can occur, which takes place on the combination
between CO, and a chemical solvent. The benefits of this technology include absorbing CO2 with an efficiency of around 90 % and the
ability to handle a huge CO; stream [14,17].

The process of absorbing carbon dioxide using chemical solvents is known as chemical absorption [18]. When heated, solvents
create an intermediate molecule with CO» that has a weak bond, which then releases the CO; that was previously trapped. The ab-
sorption process is often characterized by a high CO selectivity and a significant capacity for absorption [13,17]. Additionally, it is the
most extensively used and advanced form of CO; capture technology at the current time. The high expense and the extensive energy
need for solvents regeneration are two of the primary challenges to the broad application of this process in coal-fired power plants and
other large and medium-sized industrial emission sources. The low stability and aggressive corrosion are additional challenges, as are
the high toxicity and high absorbent loss that result from these factors [13].

To overcome the limitations that stand in the way of CO; collection through solution absorption, extensive research on a global
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Fig. 1. CO; capture technologies.
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Fig. 2. CO, separation and capture methods.

scale has been carried out. CO5 gas can be removed from natural gas through a chemical absorption process called natural gas
sweetening using amines such as monoethanolamine (MEA) and diethanolamine (DEA) [15,18,19]. This process has some issues, such
as a low CO; loading capacity, a high rate of equipment corrosion and amine degradation which cause a high absorbent replacement
rate, high energy use when the absorbent is being regenerated at elevated temperatures and large equipment size [13,19].

The majority of CO, absorption studies in packed columns do not evaluate the interactive effects of operating variables in opti-
mizing a single parameter [20,21]. Each independent process variable has a measurable effect on each other parameter in the CO3
actual absorption process [20]. Therefore, independent variables must be identified in terms of their interactions. According to the
Response Surface Methodology (RSM) a process variable’s relative significance on the measured response can be determined
economically [20]. Additionally, the use of a central composite response surface design (CCD) in combination with RSM provides a
method of determining the behavior of process variables and predicting the optimum set of variables to use [20,21]. With reasonable
numbers of experiments, this pathway reduces the time and cost of experiments [20].

In this research, instead of utilizing a chemical solvent like in the process of sweetening natural gas, a green absorbent was utilized
in the form of sodium silicate extracted from sugarcane bagasse to transform carbon dioxide gas into silica and sodium carbonate using
a designed apparatus.

2. Materials and methods
2.1. Chemicals

Sugarcane bagasse was collected from a farm at Al-Sharkeya governorate, Egypt. CO5 gas cylinder was obtained from a food

Sugarcane
bagasse ¢ 3 Washing with Drying in a dryer | Calcination in a Furnace at 600 °C
Cutting water > at 65°C for 24 hrs for 3 hrs
10 g Sugarcane Ash
Stirring at 200 rpm and Washing with Drying in a dryer at Stirring at 200 rpm and Filtration using a
100 °C with 100 mLof 1M =) distilled water till [— 70°¢ = 100°C with 100 mLof [~ Centrifugeat [~
HCl for 2 hrs pH=75 1.5 M NaOH for 2hrs 3000 rpm
Filtrate ( Liquid Sodium Silicate)
Caaling fo roam > Dryinginadryerat70°C Sodium Silicate Crystals
temperature

Fig. 3. Extraction scheme of sodium silicate from sugarcane bagasse.
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packaging factory at 10th Ramadan city, Al-Sharkeya, Egypt. All chemicals used in this study were analytical grade reagents including
sodium hydroxide (NaOH), Hydrochloric acid (HCl, 36 % v/v), silver nitrate solution (AgNO3) and Ammonium Chloride (NH4Cl, 99.5
%). These reagents were purchased from Sigma-Aldrich Company. Deionized water was used for preparation of all solutions.

2.2. Equipment

The morphology of the extracted sodium silicate (NazSiO3), the products silica (SiO3) and sodium carbonate (NayCOs) were
conducted by scanning electron microscope (SEM, Quattro s — Thermo Scientific, Netherland). The surface functional groups of the
products SiO; and NayCOs due to the CO5 capture process were recorded using Fourier-transform infrared (FTIR) spectra (Vertex 70
RAM II, Germany). Filtration of SiO, was performed using vacuum filtration apparatus (RS-1, Shenzhen Educational Equipment,
China). Vacuum dryer (Thermo-Fisher Scientific Company, USA) was used for drying the final product. The weight percentages of SiO2
and NayCOg3 were determined through gravimetric method [22].

2.3. Extraction of sodium silicate (NazSiO3) from sugarcane bagasse

Fig. 3 represented the sodium silicate extraction process from sugarcane bagasse. Sugarcane bagasse was cut into smaller pieces,
washed with water, dried at 65 °C for 24 h, and then calcined at 600 °C for 3 h. Using a two-neck bottle with a condenser, the extraction
process was completed by mixing 10 g of sugarcane bagasse ash with 100 mL of 1 M HCl at 200 rpm with heating at 100 °C for 2 h, then
washing in distilled water until reaching a neutral pH and drying in a dryer at 70 °C for 2 h. The previous step’s product stirred with
100 mL NaOH (1.5 Molar) solution for 2 h at 100 °C. Sodium silicate crystals were then obtained by filtration in a centrifuge at 3000
rpm for 10 min, cooling to room temperature, drying at 70 °C in a dryer and storing in a desiccator.

In the previous steps the sugarcane ash which contained SiO5 (52.67 %) and traces of other mineral salts as represented in Table 1
was acid treated using HCI to increase the weight percentage of SiO3 and to decrease the other mineral oxides. After the acid treating of
the sugarcane ash, an alkaline treatment occurred using 1 M NaOH for the SiO5 to obtain sodium silicate (Na;SiO3) and water (H50) as
represented in the following reaction Eq. (1) [23]:

SiO + 2 NaOH — NaySiOs + Ho0 (€D)]

2.4. Apparatus

Continuous chemical absorption experiment of CO5 gas using a green sodium silicate extracted from sugarcane bagasse was
performed using a designed apparatus. Fig. 4 represented the apparatus setup used in the transformation of CO2 gas into valuable
product silica.

A packed bed column (B) of approximately 0.0035 m® volume is the main component of the apparatus. Inside the packed bed
column (B), there is a support (O) with openings each with diameter of 1 mm and glass marbles (G) at certain height that act as the
packing material. Injection of the aqueous sodium silicate solution into the bottom of the packed bed column is accomplished by a
pump (P). This pump delivers a certain flow rate of aqueous sodium silicate solution from the feed tank (F) which has a volume of
0.0035 m? to the packed bed column (B). At the bottom of the packed bed column (B), the gas inlet pipe receives carbon dioxide gas
that comes from the CO; gas cylinder (C). The carbon dioxide gas flow into the packed bed column (B) is controlled by valve (V1). A gas
flowmeter (L) is used to measure the CO; gas flow rate enters the packed bed column. The sodium silicate solution flow into the packed
bed column (B) is controlled by valve (V2). A product tank (T) with 0.0016 m? volume is used to collect the final gel product. A pH
meter is used to measure the pH inside the packed bed column (B) throughout the reaction periods. A pressure gauge (P2) and a
pressure gauge (P1) are used to measure the pressure difference across CO; gas cylinder (C) and the sodium silicate solution’s pump
P).

Table 2 represented the main dimensions and specifications of the designed apparatus that was used in lab to perform the
continuous chemical absorption process for CO5 gas into silica using a green sodium silicate absorbent solution extracted from sug-
arcane bagasse.

2.5. Operating conditions selection

The choice of the studied parameter ranges in this research study, experiments was performed to determine conditions of Flooding
as well as the allowable range of CO2 gas flow rate and the allowable range of sodium silicate solution flow rate to be suitable with
designed packed column. The packing sizes were chosen randomly to study their effect on the CO, gas absorption process using sodium

Table 1

X-Ray Diffraction Analysis (XRF) of the sugarcane bagasse ash.
Material Si0,y Al,O3 Fe,03 CaO MgO SO3 Na,O K0 L.O.I Total
%wt 52.67 10.45 9.59 8.79 4.16 0.02 3.82 0.64 6.24 96.38
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Svmbols description list:
B: Packed bed column.
O: Packing support.

G: Glass marbles.

P: Pump.

F: Feed tank.

C: CO, gas cylinder.

V1 & V2: Valves

L: Gas flowmeter.

T: Product tank.

P1 & P2: Pressure gauges.

Fig. 4. The apparatus setup.

Table 2
Dimensions and specifications of the designed apparatus.

Unit Dimensions/Specifications

Packed column Height = 45 cm
Diameter = 10 cm
Packing material (Marbles) Large = 24.4 mm
Medium = 20.175 mm
Small = 15.95
Feed tank Height = 45 cm
Diameter = 10 cm
Product tank Height = 20 cm
Diameter = 10 cm
Pump Rated Voltage = 220 V
Speed Pange = 4200 rpm/min
Rated Current = 12 A
Rated Torque = 260 W
CO,, feed gas cylinder Volume = 40 L
CO,, gas flowmeter Maximum measured flow rate = 1.5 m®/h

silicate solution. Flooding phenomenon decreases significantly the efficiency of the absorption packed column, and it takes place at
high gas and liquid flow rates.
The experiment procedure was performed in the designed apparatus at pressure 1 atm and 25 °C with a 0.045 m diameter column

(8p/H) in (psi/m)

—&—Dry CO2 gas
Liquid flow rate = 1 L/min
Liquid flow rate = 2 L/min
Liquid flow rate = 3 L/min

—e—Liquid flow rate = 5 L/min

CO, gas flow rate (L/min)

Fig. 5. Plot of (Ap/H) versus CO, gas flow rate for different sodium silicate solution flow rates.
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randomly packed with 24.4 mm glass marbles to a height of 0.045 m as follows;

1. Operate the designed packed bed column with different dry flow rates of CO, gas in a range from 1 to 5 L/min only without flow of
sodium silicate solution.

2. Measure the pressure drop across the designed packed bed column then plot a relation between (Qcozgas) in (L/min) on x-axis
versus pressure drop (Ap/H) in (psi/m) on y-axis, where H is the height of the packed column (m).

3. Operate the designed packed bed column with sodium silicate solution flow rate ranged from 1 to 5 L/min at each liquid solution
flow rate, operate the system at different flow rates of CO4 gas ranged from (1-5 L/min).

4. Measure the pressure drop across the designed packed bed column in each time then plot a relation between (Qco2gas) in (L/min) on
(x-axis) versus pressure drop (Ap/H) in (psi/m) on (y-axis).

Based on the plot represented in Fig. 5, it was preferred to operate the packed column at CO5 gas and sodium silicate solution flow
rates below the Flooding limit. Therefore, the safe range of CO; gas flow rate was 1-3.2 L/min while the safe range of sodium silicate
solution was 1-3 L/min.

2.6. Material selection

The material of construction of the pump’s internal body was made from stainless steel. The material of all pipes in this prototype
were made from carbon steel. Acrylic was used as the material of construction for the feed tank, the packed bed column and the
discharge or the product tank. All the selected materials were considered due to their corrosion resistance to sodium silicate solutions
at high concentrations.

2.7. Testing procedure

This section described the testing procedure for the real designed prototype to evaluate its performance and to make sure that it
operated successfully without failure occurrence in the pump and without any damage in the packed bed column and in the feed and
product tanks.

At room temperature, operate the system with different CO2 gas flowrates (1.035, 1.65 and 2.3 L/min) which were adjusted using
the control valves and measured using a gas flowmeter followed by pouring of different concentrations of sodium silicate solution (5,
7.5 and 10 %wt) inside the feed tank then operate the pump to deliver the sodium silicate solution to the packed bed column where a
chemical reaction between sodium silicate solution and CO gas took place.

There were some specific considerations made to ensure accurate and reliable measurements included; controlling of the CO, gas
flowrates from the gas column through adjustment of the gas pressure using a gauge pressure valve fixed on the top of the CO, column.

pH of the reaction medium inside the packed bed column has been measured throughout the reaction period as its value affected
the production weight percentages of SiO3 and NapCOs.

After testing according to the above mentioned steps, it was observed that the designed prototype operated successfully without
any damage in its parts. Also, it was observed that there was no leakage of solution from tanks, pump and pipes. In addition, SiO, was
successfully produced as a main product from this prototype.

2.8. Safety considerations

Many safety precautions have been considered during the experimental setup and operation of the prototype to ensure the
compliance with laboratory safety guidelines.

These safety precautions included; check on the gauge pressure valve fixed on the top of the CO, gas column to ensure that there
was no gas leakage from it and to avoid extremely high gas pressure that might damage the parts of the apparatus during operation.

Check that there was no solution leakage from feed tank, product tank, the packed bed column, pipes and the pump.

Different high concentrations of sodium silicate solution were required to be prepared therefore, wearing gloves, lab coat and eye
glass were mandatory due to its high corrosion nature.

2.9. Conversion process of CO2 gas into SiO, and NazCO3z

This continuous chemical absorption process has been performed by changing three experimental factors including; the CO4 gas
flow rate, the packing size, and the initial concentration of sodium silicate (Na3SiO3) solution followed by recording the experimental
results including; %wt of SiO,, %wt of Na3COs3 and the reaction time.

To convert CO; gas into silica different concentrations of sodium metasilicate by weight percent was prepared (5, 7.5 and 10 %wt)
using deionized water. A certain concentration of sodium silicate solution was poured into the feed tank then fed to the packed bed
column through a pump. A certain flow rate of CO5 gas from a CO; gas cylinder was fed to the packed bed column at room temperature.
In the packed bed column, after the reaction between CO; gas and sodium silicate solution was completed, the product was collected
and aged at room temperature for 24 h before being filtered using a vacuum filtration pump. Precipitate was then washed with
deionized water, then dried at 45 °C in a vacuum dryer.

The possible mechanism that occurred when CO; gas encountered sodium silicate solution could be illustrated as shown in Fig. 6. At
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the beginning of the absorption process, CO gas encountered with water molecules producing protons (H") and carbonate ions (CO3).
Due to decreasing in the pH during the absorption process, sodium ions (Na™) were replaced with protons (H") forming salicylic acid
(H3Si03) as well as sodium ions (Na™) combined with carbonate ions (CO3) forming sodium carbonate (NayCO3). It was observed
during the experiment that at pH range from 5 to 6, a gel product was formed due to the oxidation-reduction (redox) reaction occurred
between hydroxyl group (OH ™) and salicylic acid, this observation was in agreement with literature [24]. Upon forming siloxane bonds
(-Si-O-Si-) between particles, a negative radius of curvature of the surface allows further deposit of silica at the contact point, resulting
in particles of silica (SiO3).

2.10. Experimental design

Statistical Design of Experiments (DOE) is a powerful method for designing experiments that provide objective and reliable results.
Two main uses of experimental setup were assessed to determine the variables that influence the experiment and its optimal conditions
[25]. The regression and graphical analyses of the data were conducted with the aid of the Statistical Modelling Tool (SMT) from
Stat-Ease Inc. (USA). The central Composite Design (CCD) design was highly adaptable and efficient, as it was able to provide extensive
data on experimental variables and errors with the minimal experimental run-through time [26]. Additionally, additional axial and
center points were included in the CCD design to improve simulation of response surface [26]. Consequently, multiple experiments in
this research were conducted in accordance with the CCD design. To achieve the optimal levels of carbon dioxide gas flow rate, packing
size and concentration sodium silicate solution, SMT was employed to analyse the response patterns and identify the most optimal
combination of variables to generate optimal conditions. The number of experiments designed by CCD calculated by Eq. (2) [27]:

N=k*+2k+n (2)
where N is the total number of experiments, k is the number of factors studied, and n is the number of replicates.
The value of alpha in CCD is a critical factor to consider, as it can indicate the position of the axial points within the experimental

domain. The design of a CCD is determined by the alpha value, which can be defined as spherical or orthogonal. Additionally, the
design can be rotatable, or face centered, and is typically in between the two. Therefore, the design is calculated as in Eq. (3) [27]:

e (2k)0.25 3)

Alpha =1 is a good number because it makes sure the axial point is in the right spot in the factorial part of the design. This type of
design, known as face centered design, has three levels of factors to include in the design matrix [27]. It is possible to describe the

CO,+H,0 2H*+CO;
Na"
_ OH
(@)
V4 + 2H* y
o—si —> O=si +2Na*
(on OH
Sodium Silicate  Na' Salicylic acid
2Na* + CO;’ Na,CO,
OH
+2 OH- L2
o=s{ SI03 +2 1,0
\OH Silicate ion
OH HO O OH HO /0 O “OH
/ 2 Sl ATAY
o—si +Si0; — n S5 —= n S} SI S}
\ |l -
OH (0] O (0] (0] (6] 0}
Activated silicate Silica gel
Siloxane group i
(n-1) H,0

Fig. 6. Silica gel production mechanism in CO, gas absorption process using sodium silicate solution.
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behavior of a system mathematically by describing the relationship between inputs and outputs. Quadratic model, or second-order
polynomial model, can be used to describe the system’s behavior. This model takes the form of Eq. (4) [27,28]:

k k k k
Y:ﬁo+zﬁixi +Zl3ﬁXii2+ZZﬂijxixj+€ 4)
i=1 i=1

=1 j=1

Here, Y represents the responses, k is the total number independent factors, /3, is an intercept, i, ii, and ij with p represent the coefficient
values for linear, quadratic, and interaction effects, respectively, and xi and xj in the above equation show the coded levels for in-
dependent variables. For this research, Eq. (4) is written as Eq. (5) [27,28]:

Yi=p, + B1x1 + Poxa + PsX3 + Pr1Xo1 + PogXaz + PagXaz + fraXaXa + fr3X1X3 + fogXoXs 5)

Table 3 represented the experimental design matrix generated by (CCD) for the weight percent of SiO,, weight percent of Na,CO3
and the reaction time responses. The Analysis of Variance (ANOVA) and multiple regression analyses in the Central Composite Design
(CCD) with quadratic model Eq. (5) were performed based on the data represented in Table 3.

3. Results and discussion
3.1. Surface characterization

Surface characterization including Scanning Electron Microscopy (SEM) analysis was performed after extraction of sodium silicate
from sugarcane bagasse and after the continuous chemical absorption process of CO; gas in a packed bed column to give a description
of the produced silica (SiO3) and sodium carbonate (NayCOs).

3.1.1. Scanning Electron Microscopy (SEM) of sodium silicate (Na»SiOgz)
Fig. 7 represented the SEM of the extracted Na,SiO3 from sugarcane bagasse. It illustrated the heterogeneous and porous surface
with spherical particles that had the same diameter.

3.1.2. Scanning Electron Microscopy (SEM) of the produced silica (SiO2) and sodium carbonate (NazCO3)

Fig. 8 represented the surface micro-structure of the produced silica (SiO2) and sodium carbonate (NayCO3). The silica particles
appeared as flakes or thick layers in the form of irregular lumps and particles of sodium carbonate appear in spherical shapes with some
agglomeration. The Fig. 8a was at 5 pm which represented the flakes of the silica particles in an obvious way while Fig. 8b was at 4 pm
represented the spherical particles of sodium carbonate in a more obvious way.

3.1.3. Fourier transform infrared (FTIR)
Fig. 9 represented the FTIR of the products due to the chemical absorption process of CO gas in a packed bed column using sodium
silicate solution as this analysis was performed at wavelength ranges from 400 to 4000 cm ™. The IR band at wavelength of 1669.49

Table 3
Experimental design matrix generated by Central Composite Design (CCD) for the weight percent (%wt) of SiO,, the weight percent (%wt) of Na;CO3
and the reaction time.

Run  A:COzgasflow  B: Packing C: Initial concentration of Y1: Experimental %wt Y2: Experimental %wt of Y3: Experimental
rate size sodium silicate of Si0, Na,CO3 reaction time
L/min mm Yowt Yowt Y%owt min

1 1.6485 20.175 7.5 20.89 14.03 13
2 1.6485 20.175 5 22.22 15.28 12
3 1.6485 20.175 7.5 20.89 14.03 13
4 1.037 15.95 10 7.86 27.4 9

5 1.6485 20.175 7.5 20.89 14.03 13
6 2.26 20.175 7.5 4.42 30.85 24
7 1.6485 15.95 7.5 17.84 18.98 18
8 1.6485 24.4 7.5 23.77 12.72 11
9 1.037 15.95 5 6.19 32.53 11
10 2.26 15.95 10 2.63 32.047 26
11 1.037 24.4 10 15.18 23.09 5
12 1.6485 20.175 7.5 20.89 14.03 13
13 2.26 24.4 5 3.24 27.56 20
14 1.6485 20.175 10 25.82 9.31 8
15 1.037 24.4 5 12.36 24.77 7
16 2.26 15.95 5 1.52 35.77 28
17 1.6485 20.175 7.5 20.89 14.03 13
18 2.26 24.4 10 5.1 25.14 19
19 1.6485 20.175 7.5 20.89 14.03 13
20 1.037 20.175 7.5 9.89 25.53 10
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) ‘mag @ HV HFW  pressure 5 um
XY LVD SE  11.8 mm 10 000 x 20.00 kV 20.7 pm 50 Pa British University in Egypt (BUE)

Fig. 7. SEM of sodium silicate extracted from sugarcane bagasse.

det mode WD mag @8 HV HFW p }; 5 pm————
LVD SE 10.7mm 10000x 15.00kV 20.7 ym 70 Pa tis y in Egypt (BUE)

det mode WD mag @ HV 1 pressure ——————4 um
LVD SE  10.7mm 20000x 15.00kV 10.4 ym 70 Pa British Ur y in Egypt (BUE)

Fig. 8. SEM of silica (SiO2) and sodium carbonate (Na,CO3) products (a) at 5 pm and (b) at 4 pm.
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cm~! revealed C-O (Carbonyl group) [29]. While the sharp peaks at 849.81 cm ™!, 865.59 cm’l, 1446.26 cm~! and 1408.28 cm
revealed to the CO%’ (Carbonate group) which confirmed the presence of Na;COs as a side product or contaminant with SiOy [30]. The
sharp peak at 849.81 cm ™ revealed to Si-C [31]. The sharp peak at 460.44 cm ™! revealed to the unsymmetrical Si-O-Si stretching
vibration bonding [31,32]. The sharp peak at 1027.38 em ! revealed the SiOﬁ_ group [33,34]. Therefore, Fig. 9 confirmed the
production of SiO3 and NayCOj3 from the reaction between CO, gas and Na,SiOs in a packed bed column under controlled conditions of
CO, gas flow rate, packing size and initial concentration of sodium silicate solution. This FTIR analysis was agreed with a study re-
ported by Ref. [30].

3.2. Regression model equations development

The best fitted model with the experimental results was the quadratic model. This best fitted model has been determined using the
Design Expert software program, USA (Version 13). The model that was chosen to determine the best fitted model for this chemical
absorption system was the Response Surface Methodology - Central Composite Design (RSM-CCD). The effects of three experimental
factors were studied including, the CO4 gas flow rate (L/min), the packing size (mm) and the initial concentration of sodium silicate
(NaySiO3) (%wt). Three responses were detected experimentally including; %wt of SiO5 product, %wt of NayCOs product and the
reaction time (min).

Table 3 illustrated that the maximum experimental value of the %wt of SiO, was 25.82 % while its minimum value was 1.52 %. The
maximum experimental value of the %wt of NaoCO3 was 35.77 % while its minimum value is 9.31 %. The maximum value of the
reaction time was 28 min while its minimum value was 5 min.

The quadratic model for %wt of SiO, after removal of insignificant terms to increase the model’s accuracy could be represented in
the following Eq. (6):

Yi=+2139-346A+236B+1.11C—1.16 AB—14.99 A2 —1.34 B> +1.88 C? (6)

The quadratic model for %wt of NagCOs after removal of insignificant terms to increase the model’s accuracy could be represented
in the following Eq. (7):

Y,= +13.99-1.80A —3.34B—1.89 C+ 0.5941 BC + 14.26 A2 +1.92 B> — 1.64 C* )

The quadratic model for reaction time after removal of insignificant terms to increase the model’s accuracy could be represented in
the following Eq. (8):

Y;=+1298+75A—-3.00B—1.10C — 0.8750 AB + 4.05 A2 +1.55 B?> — 2.95 C? 8

Where Y1, Y2 and Y3 are the %wt of SiO9, %wt of NapCOs3 and the reaction time, respectively. A, B and C are the CO, gas flow rate (L/
min), the packing size (mm) and the initial concentration of sodium silicate (NaxSiO3) (%wt), respectively.

The positive and negative signs indicated that actual experimental factors had direct and inverse proportional with the %wt of SiO»,
%wt of NayCO3 and the reaction time.

3.2.1. ANOVA for the quadratic model of the %wt of SiOz

Predicted models were checked for adequacy using different methods [27]. As represented in Table 4, a value of 0.9933 was
obtained for R%, 0.9874 was obtained for Rgdjusted, while a value of 0.9624 was obtained for Rgredicted. If R? was near unity, the model
could accurately predict the actual data. As the p-value of the predicted model was less than 0.0001, it was Highly Significant (HS).
Table 4 illustrated that all parameters with p-values less than 0.05 were considered Significant (S).

100
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N S

415 402.46 96

605.09

1408.28

849.81 T
46044 44247
865.59

1027.38
1446.24

90
4000 3500 3000 2500 2000 1500 1000 500 0

Wavelength (cmt)

Fig. 9. FTIR of silica (SiO5) and sodium carbonate (NayCO3).
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Table 4

The Analysis of Variance (ANOVA) of the weight percent (%wt) of SiO-.
Source Sum of Squares df Mean Square F-value p-value
Model 1284.60 9 142.73 165.91 <0.0001 HS
A-CO;, Gas flow rate 119.51 1 119.51 138.91 <0.0001 HS
B-Packing Size 55.74 1 55.74 64.79 <0.0001 HS
C-Initial Concentration of sodium silicate 12.23 1 12.23 14.22 0.0037 S
AB 10.81 1 10.81 12.57 0.0053 S
AC 0.2888 1 0.2888 0.3357 0.5751 NS
BC 0.4513 1 0.4513 0.5245 0.4855 NS
A? 617.59 1 617.59 717.87 <0.0001 HS
B? 4.91 1 4.91 5.70 0.0381 S
c? 9.71 1 9.71 11.29 0.0072 S
Residual 8.60 10 0.8603
Lack of Fit 8.60 5 1.72
Pure Error 0.0000 5 0.0000
Core Total 1293.20 19

The Model F-value of 165.91 implied the model was significant. In this case A, B, C, AB, A2, BZ, C2 were significant model terms.
Values greater than 0.05 indicated the model terms were Non-Significant (NS).

3.2.1.1. Effect of process variables and response surface contour plots in %wt of SiO, model. Response surface curves are used to give a
complete characterization of the system with several inputs and outputs.

a) Effect of CO; gas flow rate

Table 4 showed that the CO5 gas flow rate had a high significant impact on the produced %wt of SiO5. As represented in the Fig. 10,
when the CO;, gas flow rate increased from 1.1 L/min to 1.648 L/min, the weight percentage of the produced SiO3 increased from 10 %
to 20 %. But more increase in the CO4 gas flow rate from 1.648 L/min to 2.2 L/min resulted in a decrease in the produced %wt of SiO,
from 20 % to 5 % at various levels of packing size and under fixed initial sodium silicate concentration of 7.5 wt%. Because, when the
CO,, gas flow rate increased till reaching 1.648 L/min, the pH of the reaction medium decreased till reaching pH = 6 which resulted in
precipitation of SiO; particles. While with further increase in the CO5 gas flow rate, the pH decreased to be lower than 6 promoting
formation of silicic acid (H4Si0O4) which was soluble in water. In addition, extremely low pH promoted precipitation of more NayCO3
rather than SiO; and this took place due to the formation of carbonic acid (H,CO3) which reacted with sodium ions exit in the solution.

b) Effect of the packing size

Factor Coding: Actual )
wt% of Si02 (%)

wt% of Si02 (%)
@ Design Points

152 [ 2552 &

X1=A
X2 =8B
21.02
Actual Factor
C=75

B: Packing Size (mm)

19.33

17.64

15.95

1037 12816 15262 17708 20154 226
A: CO2 Gas flowrate (L/min)

Fig. 10. Contour plot of the CO, gas flow rate and the packing size versus the %wt of SiO5.

11



D. Amer Ali and M.E. Ibrahim Heliyon 10 (2024) 32953

Based on Table 4, the packing size affected the produced %wt of SiO,. According to the regression Eq. (6), the packing size and the
produced %wt of SiO, were directly proportional. Fig. 11 illustrated that when the packing size increased from 15.95 mm to 24.4 mm,
the %wt of SiO, was slightly increased from 18 % to 24 % at various levels of initial concentration of sodium silicate and under fixed
CO4, gas flow rate of 1.648 L/min. This occurred because, the glass marbles contained silica. Therefore, the CO, gas not only reacted
with the sodium silicate solution to precipitate silica but also, it precipitated some of silica existed in the glass marbles packing.

3.2.2. ANOVA for the quadratic model of the %wt of NazCO3

As represented in Table 5, a value of 0.9955 was obtained for Rz, 0.9915 was obtained for Rﬁdjusted, while a value of 0.9583 was
obtained for Rgredicted. If R% was near unity, the model could accurately predict the actual data. As the p-value of the predicted model
was less than 0.0001, it was Highly Significant (HS). Table 5 showed that all parameters with a p-value higher than 0.05 are considered
Non-Significant (NS).

The Model F-value of 248.3 implied the model was significant. P-values less than 0.0500 indicate model terms were Significant (S).
In this case A, B, C, BC, A%, B2, C? were significant model terms.

3.2.2.1. Effect of process variables and response surface contour plots in %wt of NaaCO3 model.
a) Effect of CO; gas flow rate

Table 5 showed that the CO gas flow rate had a high significant impact on the produced %wt of Na;COs. As per represented in the
Fig. 12, when the CO4 gas flow rate increased from 1.037 L/min to 1.648 L/min, the weight percent of the produced Na,CO3 decreased
from 30 % to 15 %. More increase in the CO; gas flow rate from 1.648 L/min to 2.2 L/min resulted in increasing in the produced %wt of
NayCO3 from 15 % to 30 % at various levels of packing sizes and under fixed initial sodium silicate concentration of 7.5 %wt. Because,
when the CO; gas flow rate increased from 1.037 L/min to 1.648 L/min, the pH of the reaction medium decreased from 12 to 6 which
promoted precipitation of SiO; and resisted the precipitation of NayCOs particles. As the CO,, gas flow rate increased beyond 1.648 L/
min, the pH decreased to less than 6, which was more suitable for NapCO3 precipitation due to the formation of carbonic acid (HoCO3)
that reacted with sodium ions existed in the solution.

b) Effect of the packing size

Based on Table 5, the packing size significantly affected the produced %wt of NapCOs. According to the regression Eq. (7), the
packing size and the produced %wt of NayCO3 were inversely proportional. Fig. 13 illustrated that when the packing size increased
from 15.95 mm to 24.4 mm, the %wt of NayCO3 decreased from 18 % to 10 % at various levels of initial concentration of sodium
silicate and under fixed CO; gas flow rate of 1.648 L/min. When the packing size increased, this resulted in increasing the precipitation
of SiO3 not NayCOs3. Due to the presence of sodium silicate solution and the silica contained in the glass marbles, the CO5 gas reacted
with sodium silicate solution to precipitate silica. Also, it enhanced the precipitation of silica that existed already in the glass marbles
packing.

Factor Coding: Actual

wt% of Si02 (%

wt% of Si02 (%)
' Design Points

152 [ 2552 °

X1=8B
X2=C

Actual Factor
A = 1.6485

C: Initial Concentration of Sodium Silicate (wt%)
L 4

1595 17.64 19.33 2102 27 2.4

B: Packing Size (mm)

Fig. 11. Contour plot of the packing size and the initial concentration of sodium silicate versus the weight percent (%wt) of SiO,.
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Table 5

The Analysis of Variance (ANOVA) of the weight percent (%wt) of Na,COs3.
Source Sum of Squares df Mean Square F-value p-value
Model 1237.02 9 137.45 248.30 <0.0001 HS
A-CO2 Gas flowrate 32.57 1 32.57 58.84 <0.0001 HS
B-Packing Size 111.87 1 111.87 202.09 <0.0001 HS
C-Initial Concentration of sodium silicate 35.81 1 35.81 64.69 <0.0001 HS
AB 1.16 1 1.16 2.10 0.1783 NS
AC 0.0556 1 0.0556 0.1005 0.7578 NS
BC 2.82 1 2.82 5.10 0.0475 S
A? 558.87 1 558.87 1009.61 <0.0001 HS
B? 10.09 1 10.09 18.23 0.0016 S
c? 7.39 1 7.39 13.35 0.0044 S
Residual 5.54 10 0.5536
Lack of Fit 5.54 5 1.11
Pure Error 0.0000 5 0.0000
Core Total 1242.56 19

Factor Coding: Actual
Wt% of Na2CO3 (%)

24

wt% of Na2CO3 (%)
@ Design Points

931 [ 77 2
X1=A

X2=8B

Actual Factor e
C=75

B: Packing Size (mm)

19.33

17.64 —

1037 1.2816 1.5262 17708 20154 226

A: CO2 Gas flowrate (L/min)

Fig. 12. Contour plot of the CO, gas flow rate and the packing size versus the weight percent (%wt) of Nay,COs.

¢) Effect of the initial sodium silicate concentration

Based on Table 5, the initial sodium silicate concentration significantly affected the produced %wt of NaoCO3. According to the
regression Eq. (7), the initial sodium silicate concentration and the produced %wt of NayCO3 were inversely proportional. Fig. 14
illustrated that when the initial sodium silicate concentration increased from 9 %wt to 10 %wt, the weight percent of Nay;COs
decreased from 25 % to 20 % at CO4 gas flow rate range of 1.037 L/min to 1.1 L/min and under fixed packing size of 20.175 mm.
Because sodium silicate (NaSiO3) was a mixture of SiO5 and NayO, an increase in sodium silicate concentration at the CO, gas flow
rate less than 1.648 L/min and at fixed packing size resulted in a greater weight percent of the produced SiO3 not NayCOs.

3.2.3. ANOVA for the quadratic model of the reaction time

As represented in Table 6, a value of 0.9955 was obtained for Rz, 0.9914 was obtained for Rgdjusted, while a value of 0.9622 was
obtained for Rlzyredicted~ If R? was near unity, the model could accurately predict the actual data. As the p-value of the predicted model
was less than 0.0001, it was highly significant. Table 6 showed that all parameters with a p-value less than 0.05 were considered Non-
Significant (NS).

The Model F-value of 243.56 implied the model had significant. P-values less than 0.0500 indicate model terms were significant. In
this case A, B, C, AB, A2, Bz, C2 were significant model terms. Values greater than 0.1000 indicated the model terms were not
significant.
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Factor Coding: Actual

Reaction time (min)

Reaction time (min)
@ Design Points

X1=8B
X2=C

Actual Factor
A = 1.6485

C: Initial Concentration of Sodium Silicate (wt%)

1595 1764 19.33 2102 271 2.4

B: Packing Size (mm)

Fig. 13. Contour plot of the packing size and the initial concentration of sodium silicate versus the weight percent (%wt) of NayCOs3.

Factor Coding: Actual
wt% of Na2CO3 (%)

wt% of Na2C03 (%)
@ Design Points

931 [ 3577 :

X1=A
X2=C

Actual Factor
B =20.175

C: Initial Concentration of Sodium Silicate (wt%)

1.037 12816 1.5262 1.7708 20154 226
A: CO2 Gas flowrate (L/min)

Fig. 14. Contour plot of the CO, gas flow rate and the initial concentration of sodium silicate versus the weight percent (%wt) of Na;COs.
3.2.3.1. Effect of process variables and response surface contour plots in the reaction time model.
a) Effect of CO, gas flow rate

Table 6 showed that the CO, gas flow rate had a high significant impact on the produced %wt of SiO,. As per represented in the
Fig. 15, when the CO; gas flow rate increased from 1.52 L/min to 2.2 L/min, the reaction time increased from 15 % to 25 % at various
levels of packing size and at fixed initial concentration of sodium silicate 7.5 %wt. Because increasing in the CO, gas flow rate

enhanced the precipitation of silica from sodium silicate solution at fixed other factors led to longer reaction time. This observation was
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Table 6

The Analysis of Variance (ANOVA) of the reaction time.
Source Sum of Squares DF Mean Square F-value p-value
Model 746.79 9 82.98 243.56 <0.0001 HS
A-CO, Gas Flow rate 562.50 1 562.50 1651.10 <0.0001 HS
B-Packing Size 90.00 1 90.00 264.18 <0.0001 HS
C-Initial Concentration of sodium silicate 12.10 1 12.10 35.52 0.0001 HS
AB 6.13 1 6.13 17.98 0.0017 S
AC 0.1250 1 0.1250 0.3669 0.5582 NS
BC 0.1250 1 0.1250 0.3669 0.5582 NS
A? 45.01 1 45.01 132.10 <0.0001 HS
B? 6.57 1 6.57 19.28 0.0014 S
c? 24.01 1 24.01 70.46 <0.0001 HS
Residual 3.41 10 0.3407
Lack of Fit 3.41 5 0.6814
Pure Error 0.0000 5 0.0000
Core Total 750.20 19

agreed with a study reported by Ref. [30] where the effect of reaction time on silica yield was studied as the reaction time varied from
30 to 180 min with the NaySiOs concentration of 0.5 mol/L and temperature at 70 °C while fixing other factors. The silica yield in-
creases with increasing reaction time.

b) Effect of the packing size

Based on Table 6, the packing size significantly affected the reaction time. According to the regression Eq. (8), the packing size and
the reaction time were inversely proportional. Fig. 16 illustrated that when the packing size increased from 15.95 mm to 19 mm, the
reaction time decreased from 16 min to 12 min at various levels of initial concentration of sodium silicate and under fixed CO; gas flow
rate of 1.648 L/min. When the packing size increased, this resulted in increasing in the amount of silica which existed already in the
glass marbles packing. This led to longer reaction time required to precipitate silica from the sodium silicate solution and from the
large size of the glass marbles packing.

4. Optimization
Numerical optimization was performed to reach the optimum conditions of the weight percent of SiO, the weight percent of
NayCOs and the reaction time responses using Design Expert software. The optimization goals were chosen to reach the maximum %wt

of SiO; product as represented in Table 7.

Factor Coding: Actual

Reaction time (min)

Reaction time (min)
@ Design Points

X1=A
X2=8B

Actual Factor
C=175

B: Packing Size (mm)

1.037 1.2816 1.5262 17708 20154 226

A: CO2 Gas flowrate (L/min)

Fig. 15. Contour plot of the CO, gas flow rate and the packing size versus the reaction time.

15



D. Amer Ali and M.E. Ibrahim Heliyon 10 (2024) 32953

Factor Coding: Actual

Wt% of Na2CO3 (%)

wt% of Na2CO3 (%)
@ Design Points

931 [Nz ?
X1=8
x2=C

Actual Factor
A = 16485

C: Initial Concentration of Sodium Silicate (wt%)

1595 1764 1933 21.02 27 244

B: Packing Size (mm)

Fig. 16. Contour plot of the packing size and the initial concentration of sodium silicate versus the reaction time.

Fig. 17 a, b and c represented that the optimum levels of %wt of SiO3, %wt NayCO3 and the reaction time were 25.63 %, 9.62 % and
7.59 min, respectively at experimental conditions of initial concentration of sodium silicate solution = 10 %wt, CO, gas flow rate =
1.648 L/min and packing size = 24.4 mm.

Fig. 18 illustrated the numerical Pareto graph of desirability by displaying the bar graph. The bar graph is a graphical represen-
tation of the optimal solution for each factor. The red bars indicated the optimal factor settings, while the blue bars indicated the
optimal response predicted value. According to Fig. 18, the optimal conditions for each factor in terms of desirability are the CO; gas
flow rate (A/L/min) = 1, packing size (B/mm) (0.9999-1), initial concentration of sodium silicate solution (C/%wt) (0.9999-1),
weight percent of SiOy (Y1/%wt) (0.9925), weight percent of NapCO3 (Y2/%wt) (0.9880) and reaction time (Y3/min) (0.8870).

5. Preliminary cost effectiveness study

A cost effectiveness study was performed for the designed prototype which used in CO, gas absorption using sodium silicate so-
lution. It included the equipment, operating and chemicals costs that were used in this research study. As represented in Tables 8 and 9,
the total cost of equipment and energy consumption was $ 226 and the cost of chemicals was $180.

Therefore, the overall cost of this research project was $ 405. The value of the silica produced from this research project was
determined and compared with the price of silica in market specially from Sigma Aldrich company in order to estimate the potential
benefits of this research. The price of silica produced from this research was calculated as represented in Egs. (9) and (10);

. .1 $ overall cost of the research project ($
Price of silica| — | = - — f project () ; (©)]
kg/ > weight of silica produced from the research project (kg)
. e %wt of silica of each experiment run
Total weight of silica= f f
100
X Z weight of products of all the experiments runs (kg) (10)

Table 7
Optimization constraints.

Factor Goal Lower Limit Upper Limit Value

CO,, gas flow rate (L/min) target 1.037 2.26 1.6485

Packing size (mm) Maximize 15.95 24.4 -

Initial concentration of sodium silicate (%wt) Maximize 5 10 -

%wt of SiO5 Maximize 1.52 25.82 -

%wt of Na,CO3 Minimize 9.31 35.77 -

Reaction time Minimize 5 28 -
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Fig. 17. Response surfaces of the optimum (a) %wt of SiO,, (b) %wt Na,CO3 and (c) reaction time, respectively.

Desirability

A:CO2 Gas flowrate 1
B:Packing Size 0999999
CiInitial Concentration of Sodium Silicate 0.999999
Wtd% of Si02 - 0.992512

Wt% of Na2CO3 7 0.988081
Reaction time 54
Combined .977041
[ I I
0.000 0250 0.500 0750 1.000

Solution 1 out of 17

Fig. 18. Numerical optimization bar graph (Pareto graph).

Table 8

Fixed and operating costs of the research project.
Unit Cost ($)
Acrylic 17.5
Carbon steel pipes 8.0
Pressure gauges 17.9
Valves 6.3
pH meter 44.2
Welding, cutting and adhesives 4.2
Packing material (Marbles) 0.4
Pump 29.5
CO, feed gas cylinder 6.3
CO,, gas flowmeter 73.7
Operating cost (electricity & water) 17.9
Total cost 225.9
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Table 9

Cost of chemicals used in the research project.
Unit Cost ($)
Sodium hydroxide (NaOH) (500 g) 5
Hydrochloric acid (HCl, 36 % v/v) (1L) 14
Ammonium Chloride (NH4Cl) (25 gm) 40.89
Silver Nitrate (AgNO3) (1L) 119.7
Total cost 180

Therefore, total weight of silica produced from this research project = 2.37 kg and the total weight of products of all the exper-
iments’ runs = 835.7 g = 0.836 kg. The price of silica produced from this research project = $/kg 171.2 while the price of silica = $/kg
190.86 ~ €/kg 177. As illustrated the price of silica produced from this research project comparing with its market price ensured that
this project has proven its efficiency and applicability.

6. Conclusion

Carbon dioxide (COy) is one of the most damaging and pervasive greenhouse gas, and its increasing anthropogenic emission into
the atmosphere is causing global warming. Therefore, in this study, a designed apparatus has been used to convert carbon dioxide gas
into silica via a chemical absorption process using a green absorbent (sodium silicate) extracted from sugarcane bagasse.

Surface characterization of the sodium silicate extracted from sugarcane bagasse and products from the CO3 absorption process in
the designed apparatus were performed including Scanning Electron Microscopy (SEM) and Fourier Transform Infrared Spectroscopy
(FTIR) to illustrate the surface morphology and the weight percents of the products.

In this study, a wide range of experimental parameters were investigated, including the flow rate of CO, gas (1.037, 1.648, and
2.26 L/min), the initial concentration of sodium silicate solution (5 %, 7.5 %, and 10 % by weight), as well as the packing size (24.4,
20.175, and 15.95 mm) to assess their impact on silica and sodium carbonate production and reaction time.

Optimum conditions of the experiments for maximizing the weight percent of SiOy (primary product), minimizing the weight
percent of NayCOs (side product), and shortening the reaction time were achieved via the assistance of the Design Expert software
program. The optimum conditions obtained were the CO, gas flow rate of 1.648 L/min, the packing size of 24.4 mm, and the sodium
silicate solution concentration of 10 % by weight. Applying the above-mentioned optimal conditions resulted in the highest percent of
SiO5 (25.638 %), the lowest percent of NayCOs3 (9.62 %), and the shortest reaction time (7.59 min).

Future research

There are several potential avenues for future work in chemical absorption of CO5 gas using sodium silicate solution. Here are a few
possibilities:

a) Scale-up and commercialization: Once the process has been optimized, there is potential for scale-up and commercialization of the
technology. This will involve working with industry partners to develop large-scale systems for CO, capture.

b) Environmental impact assessment: Environmental impact of the process will be explored, including the energy required for the
process, the carbon footprint of the materials used, and the potential for waste disposal issues. This could help to ensure that the
process is sustainable and environmentally friendly.
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