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Abstract: The objectives of the research were to develop synthesis and estimation of each factor on
carbon dioxide adsorption of advanced functional zeolite NaY material derived from bagasse ash and
rice husk ash with different crystallization temperatures and weight percentages of zinc by the ion
exchange method. The adsorbents were tested in a packed bed reactor at different temperatures and
flow rates of carbon dioxide. The Minitab program was used to estimate the effects of each factor on
carbon dioxide adsorption properties. The results showed that extracted silicon dioxide from bagasse
ash and rice husk ash could be successfully used as raw material for zeolite NaY synthesis with a
crystallization temperature of 298.15 K. The zeolite NaY crystalline structure was well-preserved
after ion exchange. The highest capacity of carbon dioxide adsorption was at 10.33 mmol/g with
zeolite 5B298-373-1. The results of the Minitab program showed that the carbon dioxide adsorption
decreased with increasing crystallization temperature and carbon dioxide flow rate parameters.
However, the increased weight percentage of zinc loading on zeolite NaY resulted in better carbon
dioxide adsorption. The factors of the types of adsorbents and adsorption temperature showed
interaction with each other.

Keywords: bagasse ash; rice husk ash; zeolite NaY; zinc loading; carbon dioxide; statistical analysis

1. Introduction

Biomass resources are waste from the food industry, crop by-products, and agricultural
wastes such as rapeseed, water caltrop shell, lotus stalk, hazelnut shell, sawdust, bagasse
ash, and rice husk ash [1–5]. Thailand is the world’s second-largest exporter of sugar
and rice [6,7]. Thailand produces approximately 14.58 million tons of sugar per year and
20.72 million tons of rice per year [8]. The steps involved in sugar mill processing are
as follows: juice extraction, purification, crystallization, centrifugation, and drying [9,10].
The residue bagasse 26% of sugarcane is a by-product after juice extraction. Bagasse is a
biomass fuel that is used in boilers to create steam for turbine generators. The burning
process is transformed into thermal energy for power generation in sugar industries. After
burning, bagasse ash is a residue that contains about 0.62% by weight of sugarcane [11–13].
In addition, after paddy rice is milled and rice husk is an essential by-product of the rice
milling process [14,15]. Rice husks are classified as biomass fuel. Rice husk is also used
as a fuel in boilers for biomass power plants. Rice husk ash is a classified solid waste
that accounts for about 20% of the weight of rice husk. Rice husk ash is lightweight,
which holds a direct impact on the environment and human respiratory problems [7,16–18].
Consequently, decreasing the amount of bagasse ash and rice husk ash is still a concern
that needs to be addressed properly.
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The large amounts of bagasse ash and rice husk ash are rich in silica. Therefore,
various studies have been conducted to add value of these materials [19,20]. However, one
of the solutions described above is silica extraction from bagasse ash and rice husk ash for
producing a low-cost silica source [21,22]. Previous research has used bagasse ash and rice
husk ash for catalyst synthesis, such as mesoporous silica and zeolite [15,17,23]. There is
the potential to reduce waste disposal and pollution issues [24,25].

Nevertheless, air pollution is also emitted from industries and power plants that
burn fossil fuels such as coal, oil and natural gas [26,27]. This emitted air pollution is
known as a greenhouse gas, which includes carbon dioxide (CO2), methane (CH4), nitrous
oxide (N2O), chlorofluorocarbons (CFCs), hydrofluorocarbons (HFCs), perfluorocarbons
(PFCs) and sulfur hexafluoride (SF6). Among all of them, CO2 is the major contributor
to global warming and continually rising global temperatures [28–30]. By the year 2100,
CO2 concentrations in the atmosphere will have steadily climbed from pre-industrial levels
of 280 ppm to 570 ppm [31–38]. To help reduce global warming, CO2 adsorption in the
post-combustion stage is essential. Adsorbents directly impact the performance of the
adsorption method [39]. Various types of adsorbents are used for CO2 adsorption, such
as mesoporous silica materials, activated carbon, metal-organic framework, MCM-41 and
zeolites [33,40–47].

Zeolite is one of the excellent adsorbents for CO2 adsorption. Research for zeolite
synthesis is becoming increasingly popular. Because zeolite is a crystalline porous mate-
rial, it possesses a high surface area and molecular pore structure, and is thermally and
mechanically stable [36,48–50]. The zeolite NaY from the faujasite family is the focus of this
research because it exhibits a solid acidity, a three-dimensional pore structure and a highly
molecular sieve. The channel of zeolite NaY is formed by the 12-member oxygen rings
with a pore size diameter of 7.4 Å. Moreover, it can be synthesized at a low Si/Al ratio
(0.75–3.8) compared to other zeolites. As a result, zeolite NaY can be modified to improve
the efficiency of adsorption using the ion exchange method, allowing it to be able to absorb
high amounts of CO2 [51].

In general, a biomass power plant released flue gases containing dust, water, SOx, NOx,
CO and CO2. After the pretreatment process, the flue gases are mainly composed of CO2.
However, a temperature above 573.15 K is emitted from the power plant, depending on the
design and process operation [52,53]. Nevertheless, CO2 adsorption at high temperatures
required high energy consumption, resulting in an expensive method. Consequently, it is
necessary to develop zeolites for CO2 adsorption at high temperatures in order to improve
the efficiency of zeolites and to reduce the cost of CO2 adsorption. The development of
zeolites is influenced by the synthesis conditions and their cations contained [54].

Modification of the surface, such as chemical vapor deposition and impregnation
methods, as well as ion exchange by the solid-state and aqueous solution, can improve
the structural properties of zeolites and reduce the poor properties [51,55]. According to
the research of Worathanakul and Rakpasert [50,55], Cu (II) and Ni (II) were successfully
incorporated into zeolite Y using the ion exchange and impregnation method. The zeolite
Y structure is unaffected by Cu (II) and Ni (II) loading in both techniques. Metal oxides
such as Fe, Ni, Cu and Zn are widely utilized in combination with various zeolite types.
It could help to improve acidity as well as hydrophobic-hydrophilic properties [46]. In
addition, Esquivel and his colleagues [56] showed the CO2 adsorption of Zn (II) loading on
zeolite beta. Smykowski and his colleagures [57] studied the adsorption of CO2 on DOH
zeolite with varying the metal type from Cu, Zn, Ni, Pd. They proposed that the Zn cation
interacts more strongly with CO2 molecules than other cations, resulting in greater CO2
adsorption. This is due to Zn that modifies the surface charge characteristics of zeolites by
creating Lewis acidic sites and redox features. In the literature on adsorbent modification,
there is no mention of Zn-exchanged zeolite NaY for CO2 adsorption. Furthermore, Zn
is an especially suitable option because Zn possesses a higher combustion temperature
than 723.15 K. Therefore, the zeolite support is combined with Zn to achieve better CO2
adsorption efficiency at high temperatures [25].
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Therefore, factors for synthesis and conditions for CO2 adsorption are important for
this study. Minitab is a computer program that is designed to perform the processing
of statistics with regression, multivariate analysis, factor analysis, principal components,
qualitative data, time series and some nonparametric analysis [58–64]. The Minitab software
was used to analyze the experimental data in order to measure the effects of various factors.
The design determined effects on a response as well as how the effect of one factor varied
with the level of the other factors [65,66]. Moreover, this method allows for identifying
the extent of the influence of factors, while reducing the number of tests required for
elucidation. Statistical analysis was performed to acquire the data that resulted in the
factors examined [63].

The objectives of this research were to develop an advanced functionally zeolite NaY
material synthesized from bagasse ash and rice husk ash for CO2 adsorption to get better
air quality management. NaY zeolites from bagasse ash and rice husk ash were used with
a Si/Al ratio of 0.75 with different crystallization temperatures and weight percentages
(wt.%) of Zn using the ion exchange method. Zeolite NaY after ion exchange was used
as an adsorbent in a packed bed reactor at different temperatures and flow rates for CO2
adsorption. Finally, the Minitab program was used to estimate the effects of modified
functionally adsorbents, adsorption temperature and CO2 flow rate. Furthermore, the
goal of this research was to develop and apply knowledge in industrial for CO2 adsorbent
materials as well as to reduce air pollution.

2. Materials and Methods

The synthesis and analysis of zeolite NaY from rice husk ash and bagasse ash for CO2
adsorption included five important steps: silica preparation, zeolite NaY synthesis, ion
exchange, CO2 adsorption, and statistical analysis.

2.1. Materials

The material used for silica preparation and zeolite NaY synthesis was followed by
rice husk ash with 70.19 wt.% SiO2 (U-Thong Biomass Co., Ltd., Suphanburi, Thailand) and
bagasse ash with 70.81 wt.% SiO2 (Khonburi Sugar Public Co, Ltd., Nakhon Ratchasima,
Thailand). Other materials used were sodium hydroxide (99 wt.% NaOH, Merck, Darm-
stadt, Germany), hydrochloric acid (37 wt.% HCl, Merck, Darmstadt, Germany), sodium
aluminate (NaAlO2, 50–56 wt.% Al2O3, 40–45 wt.% Na2O and 0.05 wt.% Fe2O3, Sigma
Aldrich, Singapore), distilled water and deionized water (DI). As a metal loading, zinc
nitrate (99.5 wt.% Zn (NO3)2•6H2O, Merck, Darmstadt, Germany) was used. Carbon
dioxide (CO2 99.80%: HP Grade, Linde, Bangkok, Thailand) was used in a continuous flow
system with a packed bed for CO2 adsorption.

2.2. Silica Extraction Derived from Bagasse Ash and Rice Husk Ash

The bagasse ash was initially dried at 378.15 K for 12 h. Ten grams of bagasse ash
was then mixed with NaOH solution (2 molar) and stirred at 343.15 K for 1 h to extract
silica. After that, the obtained solutions were filtered. The filtrates were titrated with HCl
solution to adjust pH to 7 and then the solution started to form a gel. The solution was
left at 298.15 K until the silica solidified. The solidified silica-rich was cleaned with DI
water and filtered to separate the silica-rich solid residue. The silica solid was then dried
overnight to obtain silica in the form of sodium silicate (Na2SiO3) for zeolite NaY synthesis.
The above methods were repeated with rice husk ash as a silica source.

2.3. Zeolite NaY Synthesis

The zeolite NaY was synthesized according to a previously reported procedure with
different crystallization temperatures and times [55]. The zeolite NaY was prepared with a
Si/Al ratio of 0.75 and consisted of four steps, including seed gel, feedstock gel, overall
gel and crystallization, along with Rakpasert (2012) [67]. She has reported that the zeolite
NaY formed at temperatures higher than 343.15 K and 1 h exhibited better crystallinity,



Atmosphere 2022, 13, 314 4 of 18

while crystallization at temperatures lower than 343.15 K and 1 h revealed a low degree
of crystallinity, resulting in poorly crystallized samples. It still needs to reduce the time
and temperature of the synthesis as short as possible while maintaining at high quality.
Therefore, heat crystallization at 298.15, 323.15 and 343.15 K was chosen to obtain a synthesis
with lower energy consumption and higher efficiency. The seed gel step was initially
prepared by mixing with NaOH and distilled water. The solution was then divided into
two bottles and the NaAlO2 and Na2SiO3 from bagasse ash were added while stirring
and heating for 2 h. The second step is feedstock gel, in which the NaAlO2 and Na2SiO3
solutions were produced in the same way under different volumes. The third step is the
overall gel that the seed gel solution was slowly mixed into the feedstock gel solution under
stirring until homogenous. The solution was left overnight at 298.15 K to form a gel. The
final step is crystallization, in which the gel was heated with three different crystallization
temperatures for 1 h. After that, the samples were cleaned with distilled water until
pH 9 and filtered. The residue was then dried overnight to obtain zeolite NaY. The above
methods were repeated with Na2SiO3 from rice husk ash for zeolite NaY synthesis. The
zeolite NaY synthesized from different raw materials and crystallization temperatures was
denoted as zeolite SC. S is the type of silica source (B = bagasse ash and R = rice husk ash);
C is the crystallization temperature (298, 323 and 343).

2.4. Zn Loading to Zeolite NaY

Previous studies examined aspects of adsorbent modification; there is no mention of Zn
exchanged zeolite NaY for CO2 adsorption. However, Worathanakul and Saisuwansiri [68]
studied and compared the CO2 adsorption of Cu and Fe loading on zeolite Y, varying
the wt.%. 5 wt.% Cu and 1 wt.% Fe loading on zeolite Y. The results showed a high CO2
conversion of 67.06 and 61.14%, respectively. Therefore, Zn loading on zeolite NaY at 1, 3
and 5 wt.% was selected to develop a novel approach with desirable adsorption capacity
properties. Ion exchange of the zeolite was then performed in different wt.% with 1, 3 and
5 wt.% of Zn loadings. One gram of the obtained zeolite NaY was added to a solution of
1 wt.% of zinc nitrate and stirred overnight at 298.15 K. The solutions were cleaned with DI
water and filtered. After that, the residue was then dried overnight at 393.15 K. The sample
was calcined at 873.15 K for 5 h in the air to obtain the modified zeolite NaY powder. The
above methods were repeated with 3 and 5 wt.% of Zn for modified zeolite NaY powder.
The adsorbent samples were denoted as zeolite XSC. Where X represents the wt.% of Zn in
the total weight of the sample.

2.5. CO2 Adsorption Test

In general, a biomass power plant releases flue gases containing dust, water, SOx,
NOx, N2, CO and CO2. In the present study, dust, water, acidic gases and volatile organic
compounds were assumed to be removed during the pretreatment process (i.e., electrostatic
precipitation, dehumidification, desulfurization and de-NOx). Because various components
could be found in effluent gases, multi-component adsorption is experimentally too com-
plicated. After the pretreatment process, the flue gases are mainly composed of CO2. Since
the adsorption of pure CO2 on applied adsorbents is essential for well-designed adsorption
processes, which can be achieved by studying a packed bed experimentally [69–71]. An
adsorption column with a diameter of 0.7752 cm and a length of 4 cm was packed with 0.3 g
of zeolites NaY synthesized from bagasse ash and rice husk ash, including modified zeolite
NaY samples, before being placed in the tube furnace. The adsorption column was heated
in a furnace connected to a CO2 analyzer (Handheld CO2 m GM 70, Helsinki, Finland).

In addition, Hedin and his colleagues [72] collected the CO2 adsorption on various
zeolite types; most of the results reported in the literature were obtained at temperatures
between 273 and 298 K, whereas the flue gases are mainly emitted at a temperature above
573.15 K from the power plant. Therefore, adsorption experiments with pure CO2 were
performed at various temperatures (373.15, 573.15 and 873.15 K) and flow rates (1, 3
and 5 L/h). All samples were carried out at 1 atm with an adsorption time of 30 min.
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The adsorbent samples were denoted as zeolite XSC-T-F. T represents the adsorption
temperature, while F is the CO2 flow rate of CO2 adsorption in the pack bed reactor.
Figure 1 shows the schematic diagram of the CO2 adsorption test. The CO2 adsorption
capacity and breakthrough curve were defined in Equations (1) and (2).

qe =

(
C0 − C

W

)
× V × 1

MW
× t (1)

Breakthrough curve =
C
C0

(2)

where qe is the equilibrium adsorption capacity. C0 and C are the concentrations of CO2 at
initial and after adsorption, respectively. The total flow rate is denoted by the abbreviation
V. The molecular weight of the adsorbate is MW. The weight of the adsorbent and the time
are represented by W and t, respectively.
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2.6. Characterization of Zeolite NaY

The chemical composition of bagasse ash and rice husk ash was evaluated by X-ray
fluorescence spectroscopy (XRF; Bruker AXS, Karlsruhe, Germany). The result of this
analysis was expressed as a percentage by the weight of oxides. The morphology and size
of the obtained zeolites NaY, including modified zeolite, were determined via field emission
scanning electron microscopy (FESEM; JSM-7001F, JEOL, Tokyo, Japan). The samples were
coated with a thin layer of gold using a sputter coater (Edwards La-boratories, Milpitas,
CA, USA) to improve their conductivity before the measurement. The elemental analysis of
zeolite was carried out using energy dispersive X-ray spectroscopy (EDS; INCA PentaFETx3,
Oxford Instruments Plc; Abington, UK). The crystallinity of zeolites NaY synthesized from
bagasse ash and rice husk ash, including modified zeolite NaY was analyzed by XRD
patterns using X-ray diffraction (XRD; Bruker AXS, Karlsruhe, Germany). The surface areas
and porosity of the samples were examined by Brunauer–Emmett–Teller (BET) analysis
(Autosorb 1C, Quantachrome, FL, USA) by nitrogen adsorption–desorption within the
pores of the sample.

2.7. Statistical Analysis of the CO2 Adsorption

The variation of variables under different conditions and their effects on the response
variable have been considered according to available statistical tests in variance analysis.
In this work, there are five variables, including the adsorbent, crystallization temperature
of zeolite synthesis, wt.% of Zn loaded onto zeolite NaY, adsorption temperature and CO2
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flow rate. The considered factor of the adsorbent is the synthesis of zeolite NaY from
different raw materials (bagasse ash and rice husk ash). The test ranges were varied as
follows: 3 levels of crystallization temperatures at 298.15, 323.15 and 343.15 K, 3 levels of
Zn loadings at 1, 3 and 5 wt.%, 3 levels of adsorption temperatures at 373.15, 573.15 and
873.15 K, and 3 levels of CO2 flow rates of 1, 3 and 5 L/h. In this step, the data is entered
into the Minitab software version 17 to conduct the variance analysis. The effect of all
5 variables on the CO2 adsorption was investigated following the ANOVA and factorial
design of experiments. Analysis of variance was employed to find out the significance of
the main effect and interaction of factors involved, while the significance of the factors was
determined by the probability values (p-values) of the models.

3. Results
3.1. Extracted Silica from Bagasse Ash and Rice Husk Ash

The chemical composition before silica extraction from bagasse ash showed that it
contained 70.81, 17.40, 4.64, 4.34, and 2.81 wt.% of silicon dioxide (SiO2), aluminum oxide
(Al2O3), phosphorus pentoxide (P2O5), iron oxide (Fe2O3) and others, respectively. After
silica extraction from bagasse ash was composed of 94.91, 2.81, 1.26 and 1.02 wt.% of SiO2,
Al2O3, P2O5 and Fe2O3, respectively. Moreover, XRF results showed that the rice husk ash
was composed of 70.19, 23.40, 1.81, 1.67 and 2.93 wt.% of SiO2, Al2O3, potassium oxide
(K2O), sodium oxide (Na2O) and others, respectively. The extracted sample from rice husk
ash consisted of 97.73, 2.24 and 0.03 wt.% of SiO2, Al2O3 and Fe2O3, respectively. The
amount of extracted silica from bagasse ash and rice husk ash was increased and it could
be utilized to synthesize zeolite.

3.2. Synthesis of Zeolite NaY from Bagasse Ash and Rice Husk Ash

The crystallinity of pure zeolite NaY was confirmed using XRD patterns. Figure 2a
shows the effect of crystallization temperatures on zeolite NaY derived from bagasse ash
(B298, B323 and B343) and rice husk ash (R298, R323 and R343). The main peaks of all sam-
ples could be observed according to the standard peak of zeolite NaY (JCPDS 01-081-2466).
The completion of the formation of the pure zeolite NaY phase was clearly demonstrated.
The particles in all samples appeared to have spherical shapes and uniform distribution,
as shown in SEM images from Figure 2b–g. The particle size distribution of zeolites B298,
B323, B343, R298, R323 and R343 was approximately 0.28 ± 0.06, 0.33 ± 0.02, 0.37 ± 0.01,
0.30 ± 0.04, 0.35 ± 0.02 and 0.40 ± 0.05 µm in diameter, respectively. It was concluded that
zeolite NaY was synthesized at a temperature of 298.15 K from bagasse ash and rice husk
ash and crystallized to obtain a small crystal size. Consequently, the optimal crystallization
temperature was 298.15 K with the highest BET surface area, micropore volume and total
pore volume of both B298 and R298 zeolites.

3.3. Zeolite NaY Improvements

Figure 3a shows the XRD patterns of zeolites B298 and R298 that have improved
properties with Zn loadings of 1 wt.% (1B298 and 1R298), 3 wt.% (3B298 and 3R298) and
5 wt.% (5B298 and 5R298). The XRD patterns for all modified zeolite NaY were similar to
the standard peak of pure zeolite NaY; some diffraction peaks also matched the standard
peak of ZnO (JCPDS 00-001-1136). SEM images of zeolites are shown in Figure 3b–g. The
morphology of all samples was also characterized by spherical shaped crystals and uniform
distribution. The crystal sizes of all the zeolites synthesized from bagasse ash and rice husk
ash after being modified with Zn were approximately 0.25 ± 0.05 and 0.28 ± 0.07 µm in
diameter, respectively.
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The elemental composition of the zeolites B298 and R298 after Zn loading was pre-
sented in Table 1 by EDS analysis. The elements O, Na, Al, Si and Zn were found in the
zeolites B298 and R298 after Zn loading. The presence of Zn was confirmed by the fact that
Zn2+ is ion-exchanged with Na+ of the zeolites B298 and R298. It was clear that with an
increase in the wt.% of Zn loading, the results of EDS showed the Zn at a high wt.%. It was
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observed that approximately 0.99–5.15 wt.% Zn was successfully ion-exchanged in zeolites
B298 and R298.

Table 1. EDS analysis of zeolite NaY synthesized from bagasse ash and rice husk ash with different
wt.% of Zn loadings. The values are expressed in wt.%.

Sample Si Al 0 Na Zn

1B298 12.16 16.11 56.14 14.46 1.13
3B298 12.23 16.13 57.85 10.69 3.10
5B298 12.08 16.21 58.33 8.23 5.15
1R298 12.36 16.48 56.13 14.04 0.99
3R298 12.18 16.20 57.14 11.59 2.89
5R298 12.28 16.44 57.52 8.56 5.20

The N2 adsorption-desorption isotherms at 77 K for zeolite NaY synthesized from
bagasse ash and rice husk ash with different wt.% of Zn loadings were shown in Figure 4.
All the isotherms of the synthesized materials exhibited a Type I isotherm according to
the IUPAC classification, which is characteristic of a microporous material and monolayer
adsorption. The hysteresis loop was not found for these materials. Microporous material
was adsorbed by the high volume of nitrogen at a low relative pressure around 0.02,
followed by a moderate gradient in uptake until saturation pressure. This value agreed
with a recent report by Salehi and Anbia [73].

Atmosphere 2022, 12, x FOR PEER REVIEW 9 of 19 
 

 

 
Figure 4. N2 adsorption-desorption isotherms at 77 K for zeolite NaY synthesized from bagasse ash 
and rice husk ash with different wt.% of Zn loadings. 

Moreover, the crystals corresponded to the results of the BET analysis, as shown in 
Table 2. It could be seen that the BET surface area, micropore volume and total pore vol-
ume of zeolites 1B298 and 1R298 were smaller than the zeolites 3B298, 3R298, 5B298 and 
5R298. The result also showed that zeolites 5R298 and 5R298 had the highest BET surface 
area, micropore volume and total pore volume. 

Table 2. BET analysis of zeolite NaY synthesized from bagasse ash and rice husk ash with different 
wt.% of Zn loadings. 

Sample Surface Area  
(m2/g) 

Micropore Volume  
(cm3/g) 

Total pore Volume  
(cm3/g) 

1B298 39.86 0.020 0.163 
3B298 54.39 0.025 0.229 
5B298 71.14 0.030 0.291 
1R298 34.57 0.018 0.137 
3R298 50.71 0.023 0.205 
5R298 68.75 0.028 0.264 

3.4. CO2 Adsorption Test 
3.4.1. Effect of Crystallization Temperatures on the CO2 Adsorption 

The effects of raw materials and crystallization temperature in zeolite NaY synthesis 
on CO2 adsorption were studied at a constant adsorption temperature of 573.15 K with a 
CO2 flow rate of 5 L/h, as shown in Figure 5a. The zeolites B298-573-5 and R298-573-5 had 
the highest CO2 adsorption capacities of 6.71 and 6.51 mmol/g, respectively. In addition, 
the breakthrough curves of CO2 adsorption were presented in Figure 6a. It can be seen 
that the shape of the breakthrough curves of all samples initially increased rapidly, while 
the breakthrough curves of zeolites B298-573-5 and R298-573-5 showed a slower break-
through speed than the other samples before becoming steady. This meant that zeolites 
B298-573-5 and R298-573-5 exhibited higher CO2 adsorption capacities and a longer break-
through time than the others. Therefore, the zeolites B298 and R298 were interested in 
testing the effect of Zn loading on CO2 adsorption. 
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Moreover, the crystals corresponded to the results of the BET analysis, as shown in
Table 2. It could be seen that the BET surface area, micropore volume and total pore volume
of zeolites 1B298 and 1R298 were smaller than the zeolites 3B298, 3R298, 5B298 and 5R298.
The result also showed that zeolites 5R298 and 5R298 had the highest BET surface area,
micropore volume and total pore volume.

Table 2. BET analysis of zeolite NaY synthesized from bagasse ash and rice husk ash with different
wt.% of Zn loadings.

Sample Surface Area
(m2/g)

Micropore Volume
(cm3/g)

Total Pore Volume
(cm3/g)

1B298 39.86 0.020 0.163
3B298 54.39 0.025 0.229
5B298 71.14 0.030 0.291
1R298 34.57 0.018 0.137
3R298 50.71 0.023 0.205
5R298 68.75 0.028 0.264
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3.4. CO2 Adsorption Test
3.4.1. Effect of Crystallization Temperatures on the CO2 Adsorption

The effects of raw materials and crystallization temperature in zeolite NaY synthesis
on CO2 adsorption were studied at a constant adsorption temperature of 573.15 K with a
CO2 flow rate of 5 L/h, as shown in Figure 5a. The zeolites B298-573-5 and R298-573-5 had
the highest CO2 adsorption capacities of 6.71 and 6.51 mmol/g, respectively. In addition,
the breakthrough curves of CO2 adsorption were presented in Figure 6a. It can be seen that
the shape of the breakthrough curves of all samples initially increased rapidly, while the
breakthrough curves of zeolites B298-573-5 and R298-573-5 showed a slower breakthrough
speed than the other samples before becoming steady. This meant that zeolites B298-573-5
and R298-573-5 exhibited higher CO2 adsorption capacities and a longer breakthrough time
than the others. Therefore, the zeolites B298 and R298 were interested in testing the effect
of Zn loading on CO2 adsorption.
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3.4.2. Effect of Zn Loading on the CO2 Adsorption

The effect of Zn loading on the CO2 adsorption test was performed with different
wt.% of Zn loadings (1, 3 and 5 wt.%) on zeolites B298 and R298 by fixing the adsorption
temperature at 573.15 K and a CO2 flow rate of 5 L/h, as shown in Figure 5b. At high wt.%
Zn loading, the highest CO2 adsorption capacity of 9.37 and 8.99 mmol/g was found on
zeolites 5B298-573-5 and 5R298-573-5, respectively. Furthermore, the breakthrough curves
of CO2 adsorption are displayed in Figure 6b. It was found that the shape of the break-
through curves of the zeolites 5B298-573-5 and 5R298-573-5 were not considerably altered
at first. After the initial breakthrough, the breakthrough curves of zeolites 5B298-573-5 and
5R298-573-5 exhibited a slow breakthrough speed and then gradually became constant.
For other samples, the breakthrough curve rapidly ascended and presented saturation
trends. It showed a quick breakthrough speed, which could be due to the fastest diffusivity
and the minimum equilibrium adsorption. It was found that the adsorption of zeolite
NaY modified with Zn was higher than pure zeolite NaY. Therefore, the zeolites 5B298
and 5R298 were potential candidates to be studied under different operating conditions,
including adsorption temperature and CO2 flow rate.

3.4.3. Effect of Adsorption Temperature on the CO2 Adsorption

Figure 5c shows the effect of adsorption temperature on the CO2 adsorption test,
including 373.15, 573.15 and 873.15 K on zeolites 5B298 and 5R298 by fixing the CO2 flow
rate of 5 L/h. The CO2 adsorption capacity of zeolite 5B298-373-5 was found to be the
highest at 9.45 mmol/g, shown in Figure 6c. The breakthrough curve of zeolite 5B298-373-5
and 5R298-373-5 at low temperatures exhibited a higher CO2 adsorption capacity and a
longer breakthrough time than the others. Therefore, the adsorption temperatures of 373.15
and 573.15 K were chosen to test the effect of CO2 flow rate on the CO2 adsorption of
zeolites 5B298 and 5R298, respectively.

3.4.4. Effect of CO2 Flow Rate on the CO2 Adsorption

Figure 5d shows the effect of CO2 flow rate on the CO2 adsorption test with different
CO2 flow rates (1, 3 and 5 L/h) on zeolites 5B298 and 5R298 by fixing the adsorption
temperatures at 373.15 and 573.15 K, respectively. At CO2 flow rates of 1 L/h, the ze-
olites 5B298-373-1 and 5R298-573-1 exhibited the highest CO2 adsorption capacities of
10.33 mmol/g and 9.91 mmol/g, respectively. Additionally, the breakthrough curves of
CO2 adsorption were presented and showed that the shape of the breakthrough curves
of the zeolites 5B298-373-5 and 5R298-573-5 increased rapidly before becoming stable, as
shown in Figure 6d. At a low flow rate, zeolites 5B298-373-1 and 5R298-573-1 exhibited the
slowest breakthrough speed and then gradually stabilized, with the best CO2 adsorbent
among all tested materials of bagasse ash and rice husk ash, respectively.

3.5. Statistical Analysis of the CO2 Adsorption

Minitab software version 17 was applied with ANOVA and factorial design of the
experiment to determine model fitting, main effects and interactions between the dependent
variables (responses) and independent variables (factors). The response variable was CO2
adsorption, while the factors were the raw material, the crystallization temperature, wt.%
of Zn loading, adsorption temperature and CO2 flow rate.

3.5.1. Effects of Raw Material and Crystallization Temperature on the CO2 Adsorption

The statistical significance was evaluated using a factorial design with different raw
materials (bagasse ash and rice husk ash) and crystallization temperatures of zeolite synthe-
sis (298.15, 323.15 and 343.15 K) on CO2 adsorption occurring with a constant adsorption
temperature at 573.15 K with a CO2 flow rate of 5 L/h. As observed from Figure 7a, the
variance analysis of data from experiments was normally distributed and independent,
as evidenced by the fact that the points were close to a straight line. Figure 7b shows the
main effects plot for each of the factors studied against the response variables. At the high
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crystallization temperature of zeolite synthesis, the CO2 adsorption decreased. On the other
hand, at low crystallization temperatures, CO2 adsorption increased. The interaction plots
are presented in Figure 7c. There was no interaction between the factors of raw material and
crystallization temperature of zeolite synthesis on CO2 adsorption because of the perfect
parallel lines in these plots.
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Figure 7. Results of (a) the variance analysis, (b) the main effects and (c) the interaction plot of the
variable’s impact at different crystallization temperatures and raw materials for CO2 adsorption.

3.5.2. Effects of Raw Material and Zn Loading on the CO2 Adsorption

The effects of Zn loading on zeolite NaY (1, 3 and 5 wt.%) and raw material of zeolite
synthesis (bagasse ash and rice husk ash) on CO2 adsorption were studied using a factorial
design of experiments. In order to examine the statistical significance of factor effects on
the response variable, the adsorption temperature of 573.15 K with a CO2 flow rate of 5 L/h
was employed. The data analysis obtained from the experiment was normally distributed
and independent, as shown in Figure 8a. At high wt.% of Zn loading on zeolite NaY,
the CO2 adsorption increased for both raw materials, as shown in Figure 8b. Figure 8c
exhibited that there was no interaction between the factors of Zn loading on zeolite NaY
and raw material for zeolite synthesis on CO2 adsorption.
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3.5.3. Effects of Raw Material and of Adsorption Temperature on the CO2 Adsorption

The factorial design was used to determine the statistical significance of CO2 ad-
sorption with different raw materials (bagasse ash and rice husk ash) and adsorption
temperatures (373.15, 573.15 and 873.15 K) on CO2 adsorption at a constant CO2 flow rate
of 5 L/h. Figure 9a exhibited that the data obtained were normally distributed and indepen-
dent from variance analysis. CO2 adsorption decreased at high adsorption temperatures, as
illustrated in Figure 9b. Two factors of raw material and adsorption temperature interacted
with each other as shown in Figure 9c. Analysis of interactions between the factors showed
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that the response was dependent on the level of the factor. The highest CO2 adsorption was
found at 373.15 K and 573.15 K of adsorption temperature using adsorbents synthesized
from bagasse ash and rice husk ash, respectively. The statistical results were according to
the laboratory.
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3.5.4. Effects of Raw Material and CO2 Flow Rate on the CO2 Adsorption

The effects of CO2 flow rate (1, 3 and 5 L/h) of 5 wt.% Zn/Y zeolites synthesized
from bagasse ash and rice husk ash on the CO2 adsorption were used for variance analysis
following a single factor (one-way ANOVA). Figure 10a shows that the variance analysis of
data obtained from experiments was normally distributed and independent. The interval
plot for each level of the CO2 flow rate on the CO2 adsorption of 5 wt.% Zn/Y zeolite
synthesized from bagasse ash and rice husk ash, as shown in Figure 10b,c. At a low CO2
flow rate, the CO2 adsorption increased. Lower CO2 flow rate resulted in better CO2
adsorption performances of 5 wt.% Zn/Y zeolite synthesized from both raw materials.
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4. Discussion
4.1. Silica Extraction from Bagasse Ash and Rice Husk Ash

XRF data revealed that the silica after extraction from bagasse ash and rice husk ash
contained high silica content with a small amount of impurity. Bagasse ash and rice husk
ash could be employed as an alternate silica source for zeolite NaY synthesis.

4.2. Synthesis of NaY Zeolite from Bagasse Ash and Rice Husk Ash

XRD patterns indicated that the crystallization rate was increased with increasing
crystallization temperature, as evidenced by an increased degree of zeolite crystallinity
with high peaks. Besides, it was indicated that as the crystallization temperature increased,
the width of the peaks reduced, leading to enhanced crystal size. The SEM images of the
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synthesized zeolites NaY showed crystal sizes corresponding to the research of Rakpasert
(2012) [67]. The temperature of zeolite synthesis is an important factor in the crystallization
rate and the resulting zeolite structure. At high crystallization temperatures of zeolite syn-
thesis, it results in a high degree of zeolite crystallinity, which leads to large crystals being
obtained. On the other hand, higher crystallization temperatures cause the aluminosilicate
species to form dense arrangements, which preclude the creation of a porous structure [74].
The crystal sizes in this study correspond to the research of Koroglu and his colleagues [74].
They discovered that zeolite Y formed small crystals under a crystallization temperature of
4 and 25 ◦C. Consequently, the optimal crystallization temperature was 298.15 K because
synthesis at 4 ◦C requires energy for temperature control. In addition, the crystal size of
zeolite NaY synthesized from bagasse ash was higher than that of rice husk ash, which
corresponds to increased BET surface area, micropore volume and total pore volume in
BET analysis.

4.3. Zn Loading to Zeolite NaY

The crystalline structure of zeolite NaY synthesized from bagasse ash and rice husk
ash was well-preserved after the incorporation of Zn into the zeolite NaY, according to
XRD patterns for all samples. The decreased crystallinity depends on the increase of
the percentage of Zn loading to zeolite NaY. The SEM images of modified zeolite NaY
from bagasse ash and rice husk ash from this research were consistent with Ca-exchanged
FAU and LTA-type zeolite from bagasse ash. They have reported that the particle size
and shape were found to be unchanged after ion exchange [73]. Moreover, the crystals
corresponded to the results of the BET analysis. The BET surface area, micropore volume
and total pore volume were increased with an increase in Zn loading. Due to surface
modification of the zeolite could enhance the alkalinity and cations incorporated into the
zeolite structure [75,76]. The degree of ion exchange is determined by the metal ion size and
charge [77]. The results of BET surface area, micropore volume and total pore volume of
Zn loading on zeolites also showed higher than pure zeolites. This is because Zn modifies
the surface charge properties of zeolites by producing Lewis acidic sites and redox features,
according to Esquivel and his colleagues [56].

4.4. CO2 Adsorption Test
4.4.1. Effect of Crystallization Temperature

The CO2 adsorption capacity of zeolites NaY from bagasse ash and rice husk ash
was increased with a decrease in the temperature of crystallization. The CO2 adsorption
capacity was increased when using bagasse ash for zeolite NaY synthesis because of
its great physical properties. Furthermore, the variance analysis showed that factors of
crystallization temperature significantly affected CO2 adsorption, because the p-value was
less than 0.05. This indicated that the increased crystallization temperature negatively
affected the CO2 adsorption. The interaction plots also indicated no interaction between
factors of raw material and crystallization temperature of zeolite synthesis, the p-value of
which was more than 0.05 (p = 0.937).

4.4.2. Effect of Zn Loading

The zeolite NaY modified with Zn exhibited a beneficial higher CO2 adsorption
capacity than pure zeolite, which corresponded to the BET analysis. The result also showed
that the CO2 adsorption capacity was increased with increasing the amount of Zn loading
from 1 to 5 wt.% according to their physical properties. The increased surface area and total
pore volume of zeolite NaY resulted in an increase in the number of adsorption sites for
CO2 adsorption, which corresponded to the research of Zhang et al. (2018) [78]. Figure 11
showed a possible mechanism for CO2 adsorption on Zn/Y zeolite. The zeolite structure
was composed of Na+ cations that are easily interchangeable with others to compensate for
negative charge excess [54]. Two monovalent cations of Na+ must be replaced by a single
divalent cation of Zn2+ to modify the surface charge characteristics of zeolite, resulting in a
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high surface area and an electric field gradient within the pores and frameworks. When
Zn/Y zeolite is used to adsorb CO2, the Zn cation exhibits a stronger interaction with the
CO2 molecule, which leads to stronger CO2 adsorption [57]. Due to the high surface area
of the Zn/Y zeolite, there were more active sites on the zeolite [70]. The results agreed
with the previous statistical analysis section. Based on the obtained results of the variance
analysis, it was observed that the p-value was less than 0.05. The results of this analysis
confirmed that Zn loading was statistically significant. The interaction plots showed that
there was no interaction between the factors of Zn loading on zeolite NaY and raw material
for zeolite synthesis on CO2 adsorption (p = 0.311, which was more than 0.05).
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4.4.3. Effect of Adsorption Temperature

The results indicated that at high adsorption temperatures, the CO2 adsorption ca-
pacity decreased. Low adsorption temperatures resulted in physical adsorption rather
than chemical adsorption. The surface area of the adsorbent, thus, holds an important
role in the adsorption process at low temperatures when the adsorption temperature is
increased [23,52,79]. The amount of CO2 molecules adsorbed decreased at temperatures
higher than 873.15 K, which corresponds to the research of Hedin and his colleagues [72]; its
high number of adsorption sites and thermal conductivities corresponded to the research
of Nyankson and his colleagues [23,52,77,79] Moreover, the variance analysis revealed
that the adsorption temperature was significant on CO2 adsorption because the p-value
was less than 0.05 (p-value = 0.000, which α = 0.05). It was demonstrated that 873.15 K
negatively affected the CO2 adsorption. The interaction plots of two factors (raw material
and adsorption temperature) showed interaction with each other because the p-value was
less than 0.05 (p = 0.009, which α = 0.05). This analysis confirmed that the raw material
and the adsorption temperature had interacted with each other, and they affected the CO2
adsorption of zeolite NaY.

4.4.4. Effect of CO2 Flow Rate

The CO2 adsorption with a CO2 flow rate of 1 L/h was more than 0.25 times of 5 L/h.
At a low CO2 flow rate, the CO2 adsorption was maintained over operating time. While the
CO2 flow rate was increased, the outflow CO2 concentration increased, and total adsorption
operating time was greatly reduced, according to the research from Cho et al. (2015) [80].
The residence time of the CO2 flow rate at 1 L/h was longer than at 5 L/h. According to
the research of Worathanakul and her colleagues [81], it could take more time to bind to
CO2 molecules, leading to enhanced CO2 uptake. Analysis of variance results confirmed
that the factors of CO2 flow rate were statistically significant, with a p-value of the CO2
flow rate factor less than 0.05. It was indicated that the increased CO2 flow rate negatively
affected CO2 adsorption.

5. Conclusions

The zeolite NaY was successfully developed from bagasse ash and rice husk ash
under the optimal crystallization temperature of 298.15 K. The formation of spherical-like
crystals of zeolite NaY was confirmed by SEM images. The crystal size of the zeolite
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NaY decreased with the decrease in crystallization temperature, which would result in
better CO2 adsorption performance. The crystal size and shape of the zeolite NaY did not
change after being modified with Zn loading. The amount of Zn loading from modified
NaY zeolite was higher in the BET surface area, micropore volume and total pore volume
than pure zeolites. While a high wt.% of Zn loading on zeolite NaY resulted in good
performance of CO2 adsorption. The CO2 adsorption capacity was also increased with
the decrease in CO2 flow rate and adsorption temperature. The highest CO2 adsorption
capacity was obtained at an adsorption temperature of 373.15 K and a CO2 flow rate of
1 L/h on zeolite 5B298-373-1. In addition, the data on CO2 adsorption capacities were
analyzed in Minitab using a one-way ANOVA and a factorial design. In the CO2 adsorption
test, the types of adsorbents and adsorption temperature interaction were affected in CO2
adsorption. Furthermore, the capacity of our advanced functionally synthesized zeolite
NaY was higher than others and took a short time to crystallize the zeolite NaY at a low
temperature. These characteristics suggested that bagasse ash and rice husk ash are eco-
friendly and could be employed to decrease industrial pollution. They are also low-cost
precursors and value-added materials as sustainable CO2 adsorbent materials.
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