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phenomenon on the absorber
column for CO2 absorption and to produce
precipitated silica sodium carbonate

Srie Muljani, *a Heru Setyawan b and Reva Edra Nugraha a

CO2 absorption using sodium silicate aqueous solution in a bubble column has been studied. Sodium

silicate aqueous solutions are classified as non-Newtonian fluids that can affect the bubble distribution.

The goal of this research is to investigate the effect of a superficial gas velocity (0.85 cm s−1, 2.55 cm

s−1, and 4.25 cm s−1) and sodium silicate concentration (0.2% v, 0.6% v, and 1.0% v) on the phenomenon

formation of spherical-bubbles, ellipsoidal-bubble, and rod-shape bubbles in bubble column. The

experiment was carried out in one minute interval during the five minutes operation. The CO2 absorption

and the gel formation is influenced by the pH of the solution where the gas holdup plays an important

role in changing the pH. The characterization of the precipitated particles showed that the trona phase

(C2H5Na3O8) reached 88% in the preparation of 1% aqueous sodium silicate at a superficial gas velocity

of 4.25 cm s−1. The superficial velocity of the gas and the concentration of the sodium silicate solution

influence the formation of bubbles. Spherical bubbles and ellipsoidal bubbles were observed in CO2

absorption experiments using a plate sparger, while rod-shaped bubbles were observed in experiments

using a ball sparger.
Introduction

Bubbles play an important role in the design of both the reactor
and the absorber. Bubble dynamics are generally affected by the
viscosity of the liquid.1 High-viscosity systems are rarely studied
for their bubble behavior, which is oen involved in relevant
industrial processes.2 Thus the gas distributor has an important
role in the evolution of the bubble size distribution in the gas–
liquid reactor, stripper, and absorber.3 The mesh type bubble
breaker was found to be effective in reducing the size of nozzle
generated bubbles in co-current two-phase vertical ow.4 As
reported by Dong et al., the number of bubbles in the liquid and
the gas holdup are inuenced by the supercial velocity of the
gas.5 It was also reported that the residence time of bubbles in
the aqueous solution and the bubble diameter distribution were
inuenced by the concentration (w%) of the aqueous solution.
In this experiment, the phenomenon of bubble formation was
observed due to changes in supercial gas velocity and changes
in concentration of silicate aqueous solution as a viscous
solution. Based on the gas velocity there were three regimes.
The homogeneous regimes were dened for uniform bubble
size and bubble distribution in the axial and radial directions of
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the column. Heterogeneous regimes are developed when the
gas ow rate increases rapidly, characterized by the presence of
a wide bubble size distribution that agglomerates due to the
high gas ow velocity.6 Turbulent or slug churn ow was found
in the third regime that occurs at high gas ow rates. In this
regime the fusion forms gas bubbles whose size is compared to
the diameter of the reactor.7 As they move through the column,
there is an intermittent outow of gases and liquids.7 The type
of regime in the bubble column reactor affects the conversion
and selectivity directly.8 CO2 absorption has been developed
using various methods and various solvents, and various
studies related to gas bubbles in liquid solvents.4,5,9–11 The CO2

is captured via chemisorption in a slurry bubble column with
a liquid phase made up of an organic solution mixture of
methanol or alcohol as a solvent.9 The product of this chemi-
sorption process is a solid that can be ltered, in contrast if the
sodium silicate aqueous solution is used as a solvent which
produces a gel from the CO2 absorption process. The carbon-
ization method, commonly known as the carbon fraction
method, is a method of producing silicic acid by acidifying
a sodium silicate solution with CO2.12 The stages of silica gel
formation include hydrolysis, polymerization and growth.
Polymerization is the nucleation stage in which silicon–oxygen
bonds are formed from oligomers of silicic acid molecules,
which then agglomerate aer reaching the critical diameter. In
this study, the absorption of CO2 into sodium silicate aqueous
solution (Na2SiO3) as a solvent may be inuenced by the pH of
the solution so that the high gas holdup is unnecessarily
RSC Adv., 2023, 13, 33471–33483 | 33471
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proportional to high CO2 uptake. Likewise, if the distributed gas
bubbles are small in size, this has no guarantee that CO2 can be
absorbed properly. On the other hand, sodium silicate aqueous
solvent was quite viscous so that the bubbles generated in the
column could affect the gas holdup and pH of the bulk liquid.
In this regard, it is necessary to study the performance of bubble
columns in absorbing CO2 with several limiting factors that
need to be considered, including the bubbles created, gas
holdup, liquid pH, liquid residence time and gel formation in
the column, which are inuenced by supercial gas velocity and
solvent concentration. The absorption of CO2 into an aqueous
sodium silicate solution follows the reaction

Na2SiO3(aql) + CO2(g) / Na2CO3 + SiO2 (1)

In addition to sodium carbonate (Na2CO3), the presence of
H2O allows the formation of trona (Na3H(CO3)2(H2O)2). The
mixture of Na2CO3 and SiO2 products is in the liquid phase,
which will eventually turn into a so solid (gel) if the pH
conditions are favorable. Silica gel apart from a network of
individual molecular chains (polymer gel) is also formed from
a collection of larger molecules (colloidal gel).13,14 Absorption of
CO2 into the aqueous solutions of sodium silicate is likely to
reduce the viscosity of the solution as the pH of the solution
decreases.13 The gel formation process occurs through the
reaction of siloxane bond formation, –Si–OSi– from sodium
silicate.15

Na2SiO3 + xH2O + 2H+ / SiO2 (x + 1) H2O + 2Na+ (2)

Based on this reaction, it can be stated that gel formation
depends on the pH or concentration of protons [H+] in the
solution. The lower the pH, the higher the [H+] in the sodium
silicate solution and some of the siloxy groups (Si–O–) form
silanol groups (Si–OH). The appearance of H+ protons in contact
with CO2 will temporarily form carbonic acid and cause acidi-
cation of the aqueous sodium silicate solution. Under basic
conditions, all the silica in solution exists as silicate ions,
SiO3], and the Si atom is involved in electron delocalization
with the O atom so that it is quite stable and it is difficult to
form siloxane bonds.

Determining the residence time of the liquid in semi-batch
operations is important, because basically the volume of the
feed liquid remains relatively unchanged, but the rheology
changes as CO2 absorption into the liquid increases. Rheolog-
ical changes are related to gel formation, where the viscosity of
the liquid increases as the polymer chain increases, which will
inhibit the absorption process and bubble formation.5However,
by controlling the gas velocity and using a bubble breaker, it is
expected that the bubbles formed will be even in size, shape,
and distribution in the sodium silicate aqueous solution. CO2

nanobubbles generated were in the range of 200–500 nm
depending on the gas pressure, gas and water ow rate used.16

Ohde et al. reported that during CO2 saturation of the aqueous
triethanolamine, bubble size distributions changed according
to the level of CO2 saturation.17 In this research, two types of
spargers (plate sparger and ball sparger) were used to study the
33472 | RSC Adv., 2023, 13, 33471–33483
distribution of the bubbles created, in addition to observing the
characteristics of the deposited particles to determine the
component phases and their morphology. The application of
silica sodium carbonate as a green catalyst is reported to be very
efficient and recyclable. Silica sodium carbonate has several
advantages over the others, such as excellent product yield,
short reaction time, environment friendly and safe procedures,
easy handling and reuse of the catalyst.18,19
Experimental
Materials

Sodium silicate (Na2SiO3) aqueous solution was prepared by
diluting waterglass 22.9% (Rm = 3.3, pH = 12.2, and density of
1.34) in the concentration range of 0.2, 0.4, 0.6, 0.8, and 1% v.
CO2 absorption on the bubble column

5 kg carbon dioxide (CO2) gas cylinders were provided by SG
Industry, Indonesia, with a pressure of 1200–1500 psi and
a purity of 99.99%. The gas owing from them is regulated by
a pressure regulator and CO2 ow meter so that it forms
bubbles through the micropore sparger. The bubble column
(Fig. 1) with a height of 100 cm, and an outside diameter of
6.5 cm is equipped with a pH controller and a porous plate
micropore stone as a bubble breaker (60 mm in diameter and
15 mm thick). The micropore ball stone sparger WS011 is
available with a diameter of 4 cm. The column contains 3 L
sodium silicate aqueous solution, where the liquid height rea-
ches 85 cm. Supercial gas velocity is in the range of 0.85 cm
s−1, 2.55 cm s−1 and 4.25 cm s−1. The operation takes place at
atmospheric pressure and room temperature in a semi-batch
manner with a liquid operation time of 5 min. Observations
are made with a video camera with a horizontal distance to the
bubble column of 250 mm, and the camera lens is focused on
the vertical plane in the middle of the bubble column. This
study chose the distribution of bubble sizes in each treatment
in an area as high as 20 cm in the middle of the column and in
Fig. 1 The bubble breaker diagram.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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two pH zones, namely before saturation and during saturation
with an operating time of 5 minutes. Bubble size was deter-
mined using ImageJ. Gas holdup (3g) can be determined from
the equation 3g = 1 − (Hi/Hf) where Hi is the initial height of the
liquid and Hf is the height of the liquid when gas bubbles ow
from the bottom of the column.

The experiment was conducted at different sodium silicate
aqueous solution concentrations and supercial gas velocities,
as shown in Table 1.

Characterization of precipitated particles

The gel product (precipitated particles) was dried in a 100 °C
oven for 24 h and ground into a powder and XPert-MPD
diffractometer system, 30 mA, 40 kV with PANalytical
measurement. The scanning range for measurement was 10–
60°. XRD pattern analysis was performed to determine the
polymorph phase using the Rietveld method with the X'PERT
HIGHSCORE PLUS application. Matching XRD patterns from
samples with XRD patterns from the JCPDS/ICDD database
includes crystal system data, space groups, lattice parameters,
atomic positions and the peaks of diffraction patterns. SEM
images were obtained from an SU3500, which operates at low
vacuum, 7 nm SE Image resolution at 3 kV, and 10 nm BSE
image resolution at 5 kV. CO2 absorbed was observed from the
presence of trona compounds in the precipitated particles.

Bubble size measurement

Measurements of bubble size were conducted to ascertain how
sodium silicate concentration, pH and sparger affected the
bubble size. With the use of a video recorder, video clips were
taken, and the bubbles on each frame of the recordings were
examined. The images were examined using ImageJ soware to
determine bubble size distribution (100 visible bubbles were
quantied from different parts of the image).

Crystallite size measurement

The silica crystallite size was calculated using the Debye
Scherrer equation (eqn (3)) based on XRD data at 2q = 10–65°
and FWHM (full width at half maximum) value as b.

D ¼ Kl

b cos q
(3)
Table 1 Sample code for CO2 absorption in the bubble column

Code
Sodium silicate
concentration (%)

Supercial gas
velocity (cm s−1)

A 0.2 0.85
B 0.2 2.55
C 0.2 4.25
D 0.6 0.85
E 0.6 2.55
F 0.6 4.25
G 1 0.85
H 1 2.55
I 1 4.25

© 2023 The Author(s). Published by the Royal Society of Chemistry
D= Crystallite size (nm), K= crystal form factor 0.9–1, l= X-ray
wavelength (0.15406 nm), b = value of FWHM (rad), q =

diffraction angle (°).
The Scherrer equation measures the crystal grain size, while

the particle size is determined from the results of SEM image
characterization using ImageJ.
Results and discussion
Effect of supercial gas velocity on bubbles and pH for 5 min
operation time

Observations on the pH and bubbles created were carried out at
the same time for each experiment in a one minute interval
during the ve minute operation. The nal pH is considered the
pH for the aging stage. The aqueous sodium silicate solution
initially has an average pH of 12 (acidication) due to the
formation of carbonic acid during the CO2 absorption process.
Based on height, the column was divided into three parts: the
bottom (5 cm from the base), the middle (45 cm from the base),
and the top (75 cm from the base). The pictures of all the
experiment were used to determine the bubble size distribu-
tion, as shown in Fig. 2 (sodium silicate aqueous solution 1% v,
supercial gas velocity 2.55 cm s−1).

Absorption operations for experiments A, B and C were
carried out at the same concentration (0.2% v) but the
Fig. 2 The bubble formation in the bubble column at different heights
using 1% v sodium silicate solution and 2.55 cm s−1.

RSC Adv., 2023, 13, 33471–33483 | 33473
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Fig. 3 The pH profile at different operation times from sodium silicate
concentrations of 0.2% (a) and 0.6% (b) using a plate sparger.
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View Article Online
supercial gas velocity increased from 0.85 to 4.25 cm s−1.
Observations of pH during the 5 min operation time showed
a relatively similar trend for experiments A and B, where the pH
decreased quite sharply aer 3 minutes of operation (Fig. 3).
The average bubble size in experiment A was 0.016 cm at pH 10,
Fig. 4 Bubble size distributions during initial saturation (pH 9–12) and a

33474 | RSC Adv., 2023, 13, 33471–33483
increasing to an average size of 0.03 cm at the nal pH 8, as
shown in Fig. 4a and b. Based on previous research, equilibrium
is reached at neutral pH (pH 7), where the silicate solution
begins to undergo a condensation reaction accompanied by
changes in viscosity.14 This can also be seen from the surface of
the liquid at the top of the column with an inner diameter of
5 cm, which shows small bubbles (0.03–0.05 cm) that are evenly
distributed. This regime is in accordance with a spherical shape
at low Reynolds numbers (Re z 1).20 Observations of pH in
experiment C with high supercial gas velocity (4.25 cm s−1)
showed slightly lower pH changes but the distribution and size
of the bubbles were more even than in experiments A and B. In
the second minute, a pH of 10.8 was observed with an average
bubble size of 0.036 cm and reached the nal pH value of 9 with
a mean bubble size of 0.43 cm. Uniform and homogeneous
bubbles should support a good absorption process because
their mass transfer surface is quite large. Possibly due to the low
silica concentration and excess CO2 (the CO2 bubbles are quite
dense) the formation of carbonic acid has been unable to acidify
the solution to a neutral pH. On the other hand, under alkaline
conditions the SiO bonds are very strong so it is difficult to form
siloxane.15

A similar phenomenon was also observed in experiment D;
even though there was an increase in the concentration of
aqueous sodium silicate solution (0.6% v) with a supercial gas
velocity of 0.85 cm s−1, the nal pH only reached a value of 8. In
t saturation (pH 7–8) of experiments A (a), C (b), E (c) and F (d).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The pH profile at different operation times from sodium silicate
concentration using a plate sparger and using a ball sparger.

Fig. 6 Bubble size distributions during initial saturation (pH 9–12) and
at saturation (pH 7–8) using a sodium silicate concentration of 1% with
a ball sparger in experiment H (a) and experiment I (b).
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this case the gas velocity created macro bubbles with an average
diameter of 0.17 cm. The changes are quite signicant when the
supercial velocity of the gas increases. Observations at pH 10
for experiment E showed that gas bubbles with amean diameter
of 0.122 cm ow smoothly to the surface of the liquid. The
bubbles begin to enlarge due to the coalescence effect and
become closer together as the pH decreases. The pH decreased
to a value of 7 with the bubble distribution dominated by
ellipsoidal bubbles with an elongated diameter of 0.28 cm
(Fig. 4c). At pH 8 to pH 7 almost the entire column contains
ellipsoidal bubbles. Fig. 4d shows the distribution of bubbles
for experiment F at pH 9.8 have mean bubble diameter of
0.37 cm and at the nal pH (pH 7) the mean ellipsoidal bubble
size is 0.7 cm. The shape of bubbles with Reynolds numbers
between 1 and 100 (1 < Re < 100) is strongly inuenced by ow
conditions and tends to form ellipsoidal bubbles. As the Rey-
nolds number increases, the bubble will form a spherical cap.20

No gel formation was found at an operation time of 5 min where
the pH value was 7.

Experiments G, H and I were carried out at an aqueous
sodium silicate concentration of 1% v with variations in
supercial gas velocity (Fig. 5). Observations on changes in pH
and the bubble phenomenon in experiment G show similarities
to experiment E. At alkaline pH the average size of the macro
bubbles is cm and reaches a nal pH value of 7.4. Most bubbles
are spherical in shape, and the bubbles are quite close together,
with an average bubble diameter of 0.46 cm.

Experiment H was stopped at the fourth minute and exper-
iment I was stopped at the 3rd minute because a gel formed on
the column. Experiments A to I were carried out using a plate
sparger, but for experiments H and I the replacement was
carried out using a ball sparger. Fig. 5 shows the prole of
solution pH with operating time for experiments H and I using
a plate sparger and ball sparger. The phenomenon of bubble
formation using a ball sparger is slightly different. At the
beginning of the CO2 absorption process for the H experiment
(pH 12 to pH 10), some of the bubbles took the form of small
spheres with tails until the rst minute. In the following
minutes the bubbles began to form rods that were spaced apart.
The pH decreases until it reaches the nal pH at a value of
around 8 where the bubbles are rod-shaped and close together.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The bubbles ow upward until they reach the surface of the
liquid, relatively unchanged in shape and size. In accordance
with Kalbeisch et al. (2017), the higher gas velocities cause
elongation of the bubbles due to liquid inertia.4 Experiment I
with a ball sparger shows a phenomenon similar to experiment
H. Fig. 6 shows the distribution of bubble sizes in experiments
H and I. Measurements are in the direction of the length of the
bubble rod, not the width of the bubble rod. The average bubble
rod length for experiment H at pH 10 was 0.1 cm, while at the
nal pH 8 the bubble rod length was 0.8 cm. Meanwhile, the
average bubble rod length for experiment I at pH 10.5 was
0.7 cm and at the nal pH 8 the average bubble rod length was
1.4 cm. Up to ve minutes of operation time, no gel formation
was found in the column.
Effect of pH and operation time on CO2 absorption

The sodium silicate aqueous solution as feed has a pH of 12.
Studies on experiments A, B, and C show that the higher the
supercial gas velocity, the lower the CO2 absorbed. It can be
explained that the number of bubbles increases as the gas rate
increases so that it is difficult for the bulk liquids to reach
neutral pH. Observations aer the operation time of 5 min
showed that the bulk liquid as a 0.2% v sodium silicate solution
had a pH of 9 (experiment C) which was inadequate to absorb
CO2. Supposedly, at high pH the absorption of CO2 can take
place. Meanwhile, in experiment A, the bulk liquid which had
a pH of 8 was still able to absorb a small amount of CO2. Chen &
Zhuo (2020) reported that the increase in pH improves the CO2

removal efficiency, and the overall mass-transfer coefficient
increased with increasing the value of pH.9 In previous studies,
it was also found that the pH of sodium silicate aqueous
RSC Adv., 2023, 13, 33471–33483 | 33475
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Fig. 7 Diffraction patterns, phase matching and SEM image of precipitate particles from (a) experiment B and (b) experiment C.
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solution decreased as the absorbed CO2 increased.21,22 It can be
stated that the CO2 absorption experiment with codes A, B, and
C for 5 min performed with 2% v sodium silicate aqueous
solution was less than optimal. Even though the small bubbles
are evenly distributed, the CO2 barely reacts with the sodium
silicate solution; as a result, there is still a lot of gas that escapes
from the surface of the liquid. To achieve pH 7 and reduce gas
holdup, increasing the operating time or increasing the liquid
height in the column can be done.

From the observation of the experiments D, E and F, with 6%
v aqueous sodium silicate solution, CO2 absorbed for 5 min
operation time was greater than in the previous experiments (A,
B and C), except at low supercial gas velocities (experiment D).
The operation time was quite precise because it reached pH 7
within 5 min and no gel formation was found. This can be
considered to reduce high gas holdup by reducing operation
time and increasing the liquid level in the column.

Observations on the CO2 absorption using 1% v sodium
silicate solution in experiments G, H and I showed the high CO2

absorption based on the percentage of trona phase. However,
the gas holdup is quite high and there is a tendency towards gel
formation in the column. In experiment code I, the supercial
gas velocity of 4.25 cm s−1 using a plate sparger must be stopped
before the 5 min operation time is nished. The bubbles which
were initially almost the same in size become larger due to the
effect of the bubble coalescence. Apart from that, so gel is also
33476 | RSC Adv., 2023, 13, 33471–33483
found on the column walls, especially on the top wall near the
surface of the liquid. It can be explained that the rheological
change where the liquid begins to polymerize at pH 7 causes an
increase in the viscosity of the solution, as a result of which the
bubbles that are restrained from owing upward combine with
other bubbles to become larger bubbles. CO2 absorption in this
condition will decrease.

The CO2 absorption in the bubble column uses a ball sparger
at the same supercial gas velocity (4.25 cm s−1) and the same
aqueous sodium silicate concentration (1% v); the operation
time can reach 5min at a pH of around 8. That is why there is no
gel formation in the column. However, the gas holdup is high.
For the case of using a ball sparger where the particle product is
dominated by the trona phase, further study is still needed. Our
prediction is that silica is trapped in rod-shaped bubbles and
carried by gas bubbles out of the column, so that the viscosity of
the liquid decreases due to the reduction in silica.
Characteristic of precipitated particles at low concentrations
of aqueous sodium silicate (0.2% v)

Experiments on bubble columns use a sodium silicate aqueous
solution concentration of 0.2% v with a supercial gas velocity
of 0.85 cm s−1 (code A). Observation of the bubbles created in
the column shows that the micro-macro bubbles that are far
from each other ow to the top of the liquid. In experiment A,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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the height of the liquid was unchanged relatively, and gas
bubbles appeared on the surface of the liquid. CO2 absorption is
relatively very low with gas holdup 3g = 0.0393. Gas holdup
calculations are based on the liquid height in the column. At
low supercial gas velocity, the liquid level is almost
unchanged, and small gas bubbles only appear on the surface of
the liquid at a relatively low height. However, this shows that
the gas is incompletely absorbed in the liquid. The phase of
particle precipitated aer gel drying was dominated by silica
(SiO2) with a cubic crystal system of a (Å): 4.4300, b (Å): 4.4300
and c (Å): 4.4300. The capture of CO2 was indicated by the
presence of sodium percentage as trona (C2H5Na3O8) phase in
the precipitated silica sample from EDX analysis; the Na
component was only 26.5%. Meanwhile, at the same concen-
tration of sodium silicate solution, an increase in supercial gas
velocity from 2.55 cm s−1 (code B) to 4.25 cm s−1 (code C) results
in a decrease in Na component from 4.19% to 3.88%. This is
consistent with the particle morphology observed from the SEM
image. The number of bubbles increases slightly as the gas
supercial velocity increases so that the gas holdup also
increases to 3g = 0.1874. The size of the spherical bubbles is
almost uniform and evenly distributed over the column. Fig. 7
shows the diffraction patterns, phase matching and SEM image
of precipitated particles for (a) experiment B and (b) experiment
C. The XRD patterns for precipitated particles from experiments
B and C are almost the same, where the carbonate salt peak was
absent. It is likewise the XRD pattern for experiment A, where
the carbonate salt peak appears less.

Silica-dominated precipitated particles are not uniform in
shape and size; it appears that carbonate salts are trapped in the
silica matrix. In the previous studies, low CO2 supercial
velocity (0.3 cm s−1) produces precipitated spherical silica
particles with an almost uniform size.18 From this comparison it
is clear that the uniformity of the size and shape of the bubbles
in the bubble column does not guarantee that the precipitated
particles have a uniform size and shape. The formation of silica
gel from bubble column operations is from a collection of larger
molecules (colloidal gel) rather than from a network of indi-
vidual molecular chains (polymer gel).13,14
Characteristic of precipitated particles at a concentration of
aqueous sodium silicate of 0.6% v

Experiments on bubble columns use a sodium silicate solution
concentration of 0.6% v with supercial gas velocities of 0.85 cm
Fig. 8 XRD phase precipitated particle prepared from (a) experiment E
and (b) experiment F.

© 2023 The Author(s). Published by the Royal Society of Chemistry
s−1 (code D), 2.55 cm s−1 (code E), and 4.25 cm s−1 (code F). The
precipitated particles prepared from experiment E had almost
the same phase as the precipitated particles prepared from
experiment F (Fig. 8). The trona phase in particles prepared
from experiment E reached 66%. Meanwhile, the trona phase
prepared from experiment F was 59%; this is consistent with the
SEM image (Fig. 4b).

The crystal system of trona (C2H5Na3O8) is monoclinic with
a (Å): 20.4220, b (Å): 3.4910 and c (Å): 10.3330. Silicon dioxide
(SiO2) is a cubic crystal. An increase in the supercial gas
velocity shows a decrease in the trona phase from 66% to 59%.
The decrease in the trona phase along with the increase in the
supercial velocity of the gas may be due to the increase in
bubble size. The large bubbles created at high aqueous solution
concentrations cause the effective gas–liquid contact area to be
restrained, so that the mass transfer rate is weakened.5

Fig. 9 shows the diffraction patterns, phase matching and
SEM images of precipitated particles prepared by (a) experiment
D and (b) experiment F. The XRD pattern for particles from
experiment D shows fewer carbonate salt peaks than the XRD
pattern for particles from experiment F. Observations on SEM
images show differences in silica morphology where in experi-
ment D the carbonate crystals are trapped in the silica matrix
while in experiment F the carbonate crystals appear to ll the
surface of the particle.
Characteristic of precipitated particles at a concentration of
aqueous sodium silicate of 1% v

The experiments on the bubble columns used sodium silicate
aqueous solution at a concentration of 1% v with supercial gas
velocities of 0.85 cm s−1 (code G), 2.55 cm s−1 (code H), and
4.25 cm s−1 (code I). Gas holdup (3g) was in the range of 0.291–
0.334. The percentage of trona phase (sodium carbonate
hydrate, Na3H(CO3)2(H2O)2) in experiments G, H, and I was
obtained, respectively, to be 52%, 50%, and 88% (Fig. 10). The
hydrate content in sodium carbonate crystals may be related to
incomplete drying of the gel. Natrite or sodium carbonate
(Na2CO3) phase of 24% was found in experiment H (Fig. 10b); it
can be stated that the precipitated particle phase was domi-
nated by carbonate crystals (74%).

The morphology of the precipitated particles at high sodium
silicate aqueous concentrations (experiment I) shows that
carbonate salt crystals dominate in the surface of the particles
(Fig. 11). This is consistent with the XRD pattern and XRD views
regarding the percentage of trona crystal phase of 88%
(Fig. 10c). The appearance of trona is white, needle-like. Sodium
carbonate (Na2CO3) peaks can be observed at 32.4053°,
36.7897°, 37.9278°, 39.9552°, 41.3763°, 46.4313°, 48.243° and
52.5203° with monoclinic crystal types.

The silica oxide (SiO2) phase in the particles prepared from
experiment I-code was only 12%. This may occur because at
high ow rates and high silicate concentrations where the stem
bubbles ow quite rapidly they can carry silica (Si) trapped in
gas bubbles. Meanwhile, sodium carbonate hydrate, which has
a greater molecule size and weight, remains in the liquid in the
column.
RSC Adv., 2023, 13, 33471–33483 | 33477
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Fig. 9 Diffraction patterns, phase matching and SEM image of precipitated particles from (a) experiment D and (b) experiment F.

Fig. 10 XRD phase precipitated particle prepared by experiments (a) G, (b) H, and (c) I.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

4:
43

:3
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Crystallite size and weight of precipitated particles

The crystallite size of formed precipitated silica was determined
using the Debye Scherrer equation, as shown in Fig. 12. The
Debye Scherrer equation shows that the crystallite size value will
be inversely proportional to the FWHM value, while the FWHM
value is inuenced by the intensity of each crystal plane, where
the higher the intensity, the lower the FWHM value. The crys-
tallite size based on the Debye Scherrer equation was obtained
in the range of 9.1814–41.2978 nm. The silica crystallite sizes
33478 | RSC Adv., 2023, 13, 33471–33483
resulting from this calculation are in accordance with the silica
size range reported by Sun et al., (2022) in the range of 2.03–
55.95 nm using the Debye Scherrer equation.23

The effect of supercial velocity on crystallite size appears to
be more signicant than on the weight of precipitated particles
(Fig. 13). As previously described, the formation of silica gel is
inuenced by the nal pH (at an operating time of 5 minutes)
where the aging process will begin. In experiment A, micro-
bubbles are close to macrobubbles where the size of the silica
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 XRD pattern, matching phase, and SEM image of precipitated particles prepared by experiment I.

Fig. 12 Crystallite size of SiO2 obtained from different sodium silicate
concentrations and gas superficial velocities.
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particles is in the range of 9 to 10 nm. The formation of silica
particles during aging at pH 8 for 48 hours is dominated by silica
where a small amount of sodium carbonate salt is trapped in it. As
reported by Zhang et al., (2021) CO2 microbubbles accompanied
Fig. 13 Particle weight of precipitated particles at different superficial
gas velocities and pH.

© 2023 The Author(s). Published by the Royal Society of Chemistry
by changes in temperature can produce spherical silica particles
with a fairly high surface area.12 This is possible because the
sodium carbonate salt is almost absent in the silica gel.

The crystallite size of precipitated silica increased with
increasing supercial gas velocity, except when 1% v sodium
silicate was used the particle size from experiment G decreased
signicantly. This is related to the growth of silica crystals in the
condensation reaction, which is inuenced by the presence or
absence of sodium carbonate salt. Meanwhile, particle weight is
more inuenced by the concentration of the sodium silicate
aqueous solution. Increasing the concentration of aqueous
sodium silicate solution and supercial gas velocity causes an
increase in the amount of sodium carbonate salt in the silica
matrix. There is a tendency for particle weight to decrease with an
increase in supercial gas velocity. This is possible because the
proportion of sodium carbonate is increasing in the silica matrix.
Particle weight is also inuenced by preparation during aging
and drying where the trona phase or natrite phase (sodium
carbonate) is contained in the silica matrix. In experiment I
(4.25 cm s−1, 1% v) there was an increase in particle weight aer
replacing the plate sparger with a ball sparger. Replacement is
carried out considering that the use of a plate sparger at this rate
grows the gel in the column before reaching the specied oper-
ation time (5 min). The bubbles that appear in the form of rods
are able to increase the sodium carbonate in the silica matrix. In
addition, aer an operating time of 5 minutes, the nal pH still
reaches 8 so that gel formation in the paint column from parti-
cles deposited at different supercial gas velocities can still be
resolved.

Experiments using 1% v sodium silicate and a supercial gas
velocity of 4.25 cm s−1 revealed that gel formed on the column
aer 3 minutes. At neutral pH the solution will change
according to the rheology of gel formation; in this condition,
the shape of the gas bubbles was dense irregular spherical
(Fig. 14).

A single cap-shaped bubble appeared with the CO2 absorp-
tion at a sodium silicate aqueous solution concentration of
1.5% v, and supercial gas velocity of 2.55 cm s−1. The single
RSC Adv., 2023, 13, 33471–33483 | 33479

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05860c


Fig. 14 Visualization of (a) bubble gas in 1% v sodium silicate aqueous
solution and (b) cap-shaped gel formation in the column.
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bubble diameter is equivalent to the column diameter (5 cm). In
this operation, a gel forms in the bubble column aer 2.5 min.
Fig. 15b shows a visualisation of cap-shaped or mushroom-like
gel that forms in the column. The formation of a silica gel
matrix through nucleation and condensation reactions is
shown in Fig. 15.

The larger particle size indicates that the formation of the
sodium carbonate silica matrix begins with the formation of
single silica particles, which rst enlarge and then coagulate due
to the Ostwald ripening process. In the process of acidifying an
aqueous solution of sodium silicate using hydrochloric acid
carried out in a stirred tank at room temperature, it produces
spherical silica even though there is sodium chloride salt trapped
in it.14 There is consistency in the shape of the spherical silica
particles even though there is a difference in the nal pH from
pH 9 to pH 7 and difference in concentration of silicate aqueous
solution. In a stirred tank a homogeneous mixture is obtained,
while in a bubble column a heterogeneous mixture of gas and
liquid is obtained, which involves mass transfer. The nucleation
of salt crystals grows together with the nucleation of silica when
the size of the salt crystals is smaller than that of the silica
particles. If the size of the salt crystals is larger than the size of the
silica particles then growth occurs individually where the salt
crystals will stick to the surface of the silica particles.24 Therefore,
the shape and size of the silica should be undisturbed by the
presence of salt crystals. However, from the results of previous
Fig. 15 Silica gel matrix formation through nucleation and conden-
sation reactions.

33480 | RSC Adv., 2023, 13, 33471–33483
research it was observed that spherical silica particles can form if
there are no carbonate salts in the silica and bubble column
operations with nano-microbubbles.12,14,21 In other words, the
bubble column causes a change in the morphology of the
precipitated silica unless nano or microbubbles are created in its
operation. Observation of the SEM image (Fig. 8) for sodium
carbonate or trona crystals shows that there are differences in
morphology for experiments G, E and I, as shown in Fig. 16. It
was observed that there was a slight transformation in the shape
and size of the crystals from solid rod shapes to needle shapes.
Solid rod-shaped sodium carbonate crystals are also found in
operations with packed bed columns.21 The particle size distri-
bution of sodium carbonate from experiments G, E and I is
depicted in Fig. 16. The needle shape of sodium carbonate in
experiment I was clearly observed with a length of 10–40 mm. This
particle is four times longer compared with sodium carbonate
produced from experiments G and E, which concludes that
sodium silicate concentration and supercial gas velocity affect
the morphology of the precipitated particles. In experiment G,
the carbonate crystals were 4–12 mm in size and dominant at
around 8 mm, and the size of the particles was 646 155 mm. In
experiment E, the size of the sodium carbonate crystals was
mostly in the range of 7–8 mm, while the size of the particles
varied from 134 mm to 411 842 mm. In experiment I, the carbonate
crystal size was dominant at 10 mm to 20 mm, while the particle
size was an average of 132 565 mm. In experiment F, the particles
had a diameter of 93 719–199,208 mm (mean: 132 689 mm), while
carbonate crystals were dominant at a size of 14–16 mm. It can be
stated that the lower the salt crystal content, the larger the
particle diameter. This is according to the illustration in Fig. 15.
The shapes of the bubble distribution in experiments G, E/F and I
are spherical, ellipsoidal, and rod-bubbles, respectively. The sizes
of particles in experiments A, B, and C were, respectively, in the
range of 114 986–485 442 mm, 165 579–242 391 mm, and 162 820–
544 217 mm.Meanwhile, experiment D has an average size of 261
284 mm. The largest particle size was obtained in experiment C.
Even though the particle sizes from experiments A, B and C are
larger than the particle sizes from experiments E, F and I, the
weight of the particles from experiments A, B and C is lower than
the weight of the particles from experiments E, F and I.

The difference in the calculation results using the Scherrer
equation and the measurement results using SEM is caused by
the layer morphology. The crystal morphology produced by
scanning the secondary electron beam in the SEM allows for
sufficient image magnication to be measured directly.
Effect of the sparger on bubble shape and CO2 absorption

Two types of micropore stone spargers, namely, a plate sparger
and ball sparger, were used in this study to observe the shape
and distribution of bubbles in the bubble column. Experiments
with A-code to I-code use a plate sparger, where on average the
bubbles are spherical in shape, except at high supercial
velocities and high aqueous sodium silicate concentrations the
bubbles are ellipsoidal in shape, as discussed in the previous
section. The regime in which separate bubbles are generated
from the sparger and dispersed uniformly without coalescence
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Morphology and particle size distribution of precipitated particles in experiment G (a), E (b) and I (c).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

4:
43

:3
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
is dened as the homogeneous regime (low glass ow rate
regime). A homogeneous regime will result in an almost linear
increase in gas holdup with increasing gas velocity.3 The regime
of bubble formation was determined by the Reynolds number
© 2023 The Author(s). Published by the Royal Society of Chemistry
based on calculating the average value of the gas velocity
through each hole.3

The bubble formation using plate and ball spargers is shown
in Fig. 17. The ball sparger was applied in a bubble column
RSC Adv., 2023, 13, 33471–33483 | 33481
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Fig. 17 Bubble shape from (a) a micropore plate sparger and (b)
micropore ball sparger.
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operating at supercial gas velocities of 0.85 cm s−1, 2.55 cm s−1

and 4.25 cm s−1 and 1% v sodium silicate solution in water. The
ball sparger produced irregularly shaped bubbles at low
supercial gas velocity, and there was no uniformity in the
distribution of radial bubbles near the sparger region. The rod-
shaped bubbles are distributed almost evenly in the liquid at
high supercial gas velocity (4.25 cm s−1).

Rod-shaped bubbles are not a natural occurrence like
spherical bubbles. Bubbles tend to have a spherical shape due
to the surface tension of the liquid within them, which mini-
mizes their surface area. We compare the absorption results
from columns with plate spargers and spherical spargers for
ow rates of 2.55 cm s−1 and 4.25 cm s−1. In experiments E and
F using plate spargers, the trona phase decreased from 66% to
59% at pH 7 and pH 7.3, respectively. In experiment H and
experiment I (ball sparger) there was an increase in the trona
phase from 74% to 88% even though the pH value increased
from 7.3 to 8.

Rod-shaped bubbles have a larger surface area than spher-
ical bubbles if the volume of both bubbles is the same. Our
opinion is that rod-shaped bubbles from ball spargers can be
created in high concentration of aqueous solution, non-
Newtonian uids, and provide a large mass transfer surface
area. The void volume in the column with the rod-shaped
bubbles is predicted to be larger than that with spherical
bubbles, so the gas–liquid contact area of the rod-shaped
bubbles is larger at the same supercial gas velocity and high
aqueous solution concentrations. Further research is needed
regarding mass transfer from single rod-shaped gas bubbles
into aqueous sodium silicate solutions.

Both types of spargers provide the same high gas holdup
(0.393–0.433) but in operation using a ball sparger there is no gel
formation within an operation time of 5 min under the condition
of pH 8. Meanwhile on the plate sparger, a gel is formed before
the operation time reaches 5 min. It can be considered to reduce
gas holdup for absorption operations using a ball sparger by
increasing the liquid height in the column.
Conclusions

The supercial gas velocity in the bubble column and the
concentration of sodium silicate aqueous solution facilitate the
33482 | RSC Adv., 2023, 13, 33471–33483
formation of spherical-bubbles, ellipsoidal-bubbles, and rod-
shaped bubbles. The plate sparger creates spherical bubbles
and ellipsoidal bubbles depending on the concentration of
sodium silicate aqueous solution and gas ow. Rod-shaped
bubbles are created from the ball sparger primarily at relatively
high concentrations of sodium silicate. The CO2 capture and the
formation of precipitated particles (gel formation) is inuenced
by the pH of the solution, where the gas holdup plays an
important role in the pH change. The precipitated particles are
colloidal silica gel with carbonate salts (trona) attached to it. The
trona phase (C2H5Na3O8) reached 88% in the preparation of 1%
aqueous sodium silicate at a supercial gas velocity of 4.25 cm
s−1 using the ball sparger. There is a correlation between the size
and shape of the bubbles on the morphology of the precipitated
particles. Based on experimental results, semi-batch operations
can be scaled up to continuous operations where the liquid ows
out aer reaching a certain height and a certain ow rate by
considering the liquid residence time. The absorption of CO2 in
the bubble column in this experiment uses pure CO2, but for
industrial applications it will be used to remove CO2 in the ue
gas. The CO2 content in ue gas varies depending on the source;
generally, ue gas contains around 7–25% CO2. Referring to the
CO2 content, it is possible to obtain high CO2 recovery from ue
gas using sodium silicate aqueous solution. The precipitated
product of silica-sodium carbonate composite can be further
used as catalysts. Optimization on bubble column performance
and study of catalyst applications will be carried out in future
studies.
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