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Si/Al ratio and its impact on CO2 adsorption in TiO2-Zeolite 

 
K.M. Álvarez-Gómez, M. de los A. Velasco-Hernández, E. Ayala-Herrera, M.D. Guevara-Espinosa, R. Portillo Reyes 

 

The aim of this study was to analyze the Si/Al ratio in titanium dioxide (TiO2) and Zeolite composites (Erionite, 

Clinoptilolite and Mordenite) and its influence on carbon dioxide (CO2) adsorption, seeking to optimize materials for 

greenhouse gas capture. Composites were synthesized by the sol-gel method, varying the proportions of TiO2 and zeolites 

(25-75 and 75-25) as a function of weight. They were characterized using techniques such as Energy Efficiency 

Spectroscopy (EDS) to determine the Si/Al ratio, X-ray diffraction for crystal size, and N2 adsorption for surface area. The 

results showed that, in most of the composites, the Si/Al ratio decreases compared to the original zeolites, except in those 

based on Mordenite, which maintain high values due to their greater chemical stability. The decrease in the Si/Al ratio was 

correlated with an increase in the CO2 affinity, especially in the TiO2-Erionite composites, which presented the lowest Si/Al 

values (3.29) and higher adsorption capacity. In contrast, composites with Mordenite exhibited a lower CO2 affinity, but a 

higher surface area (456 m2/g). In conclusion, the Si/Al ratio is a key parameter to optimize CO2 adsorption, and the intrinsic 

properties of each zeolite significantly affect the composite performance. These materials have potential for applications 

in environmental mitigation technologies. 

 

Introduction 

 

Currently, a major problem is climate change caused by 

global warming caused by greenhouse gas (GHG) emissions 

that have caused serious harm to humans, such as 

accelerating the melting of glaciers, raising sea levels, 

causing forest fires, etc. In this context, the reduction of 

emissions and the capture of GHGs have become a global 

concern, and research to reduce their concentration in the 

atmosphere is a task that cannot be postponed [1-2]. Among 

the most important greenhouse gases we can find methane 

(CH4), nitrous oxide (N2O) and carbon dioxide (CO2). These 

gases are capable of trapping solar radiation and increasing 

global warming [3]. The Environmental Protection Agency 

(EPA) indicates that the most emitted GHGs are nitrogen 

dioxide (NO2) at 0.08%, CH4 at 2.25%, and CO2 at 97.37% 

[4]. It is worth noting that CO2 constitutes a component of 

the atmosphere, accounting for between 0.03% and 0.04%. 

However, due to continued industrial development and fossil 

fuel consumption, atmospheric CO2 continues to increase, 

causing a growing greenhouse effect [5]. 

The seriousness of climate change and global warming has 

been internationally recognized. Therefore, several countries 

have initiated various strategies and/or plans to counteract 

the damage caused. Since 1880, the Earth has been warming 

at an accelerated rate, reaching 1.1°C today. Compared to the 

pre-industrial era, atmospheric CO2 concentrations have 

increased by 40% (reached in the summer of 2023). The 

Intergovernmental Panel on Climate Change (IPCC) reports 

that CO2 emissions must be reduced by at least 45% by 2030 

compared to 2010 levels and reach net-zero carbon 

emissions by 2050 to limit the global average. Some articles 

predict that if GHG emissions continue to increase, the year 

2035 may become the point of no return [6-7]. This raises the 

need to reduce and control CO2 emissions or to find ways to 

reduce them and implement energy more efficiently [8]. 

Among the various environmental solutions proposed for 

CO2 emissions is the research into effective techniques for 

CO2 conversion [9], such as plasma-chemical [10], 

photochemical [11], biochemical [12], solar-

bioelectrochemical [1], thermochemical [13], and 

photocatalytic [14]. 

Photocatalysis is a method based on solar irradiation, 

which makes it low-cost, and has thus been considered a 

sustainable energy source for promoting CO2 conversion 

[15]. Currently, CCUS technology is based on photocatalytic 

conversion, which is a promising new approach to 

effectively reduce CO2 emissions and concentrations in 

ambient air [16]. 

The appropriate characteristics for selecting a good 

photocatalyst are: (i) the ability to absorb radiation from a 

broad spectral range; (ii) the appropriate position of the 

semiconductor energy bands relative to the redox reaction 

potentials; (iii) high mobility and long diffusion path of 

charge carriers; (iv) thermodynamic, electrochemical, and 

photoelectrochemical stability [17]. These characteristics 

can be provided by semiconductor oxides such as tungsten 

oxide (WO3), zinc oxide (ZnO), and titanium dioxide (TiO2) 

[18]. TiO2 is the most prominent photocatalyst due to its high 

chemical and biological stability, nontoxicity, low cost, 

corrosion resistance, and availability compared to other 

materials [19-20]. 

This semiconductor oxide (TiO2) has three phases: 

brookite, rutile, and anatase. Brookite TiO2 has an 

orthorhombic crystal structure and is not well known. 

Meanwhile,  rutile  TiO2  has  a  tetragonal  prismatic  crystal 
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structure and is usually used as a pigment in paint. Anatase 

TiO2 has a tetragonal bipyramidal crystal structure and is 

used as a photocatalyst under UV irradiation [21]. However, 

semiconductor oxides do not have a large surface area, so it 

is necessary to increase their surface area with the help of 

support materials such as zeolites [22]. It is worth 

mentioning that zeolites are hydrated aluminosilicate 

materials that have a three-dimensional porous structure 

which have cations of alkaline earth elements (magnesium, 

calcium and infrequently barium and strontium), alkaline 

elements (sodium, potassium) or other monovalent or 

multivalent metals. They contain channels and free space, 

which are characteristics of porous materials, which 

generates a very large surface area [23].  By combining these 

properties of both TiO2 and Zeolites, the adsorption potential 

of contaminants composed of TiO2-Zeolite can be improved 

[24]. There are several studies on the use of zeolite 

photocatalysts for CO2 reduction [25], as well as specific 

studies on TiO2-Zeolite for CO2 removal by UV lamp 

irradiation [26-29].  

This work aims to study CO2 adsorption in mixtures of 

TiO2 with three porous zeolites (erionite, mordenite, and 

clinoptilolite), in ratios of 25:75 and 75:25 (TiO2-Zeolite). 

The aim is to analyze the influence of zeolite on adsorption, 

considering its surface area and intrinsic properties. For this 

purpose, gas chromatography and adsorption isotherm 

models (Langmuir, Dubinin and Freundlich) are used to 

evaluate the adsorption process in photocatalysts, as a key 

step before a possible CO2 conversion. 

 

Material and methods 

 

Materials 

Titanium isopropoxide (Sigma-Aldrich, CAS No. 546-68-

9), isopropanol (J. T. Baker, CAS No. 67-63-00), ammonium 

hydroxide (EM SCIENCE, CAS No. 1336-21-6), and natural 

zeolite Erionite (by its ERI code corresponding to the 

International Zeolite Association (IZA), obtained from the 

deposits of Agua Prieta, Sonora), Clinoptilolite (by its HEU 

code corresponding to the IZA, obtained from the deposits 

of San Gabriel Chilac, Puebla), and Mordenite (by its MOR 

code corresponding to the IZA, obtained from the deposits 

of Magdalena, Oaxaca). Table I presents the nomenclature 

used for TiO2-Zeolite composites. 

 

Methods 

The sol-gel method was used to obtain the TiO2 

nanoparticles, which consisted of the following steps (see 

Figure 1): 

i. Mixing: The precursors were mixed using a griddle with 

constant stirring (titanium isopropoxide with isopropanol) 

for approximately 30 min. 

ii. Gelation: Ammonium hydroxide was added to generate 

gelation. 

iii. Aging: The particles were allowed to settle for 

approximately 24 hours. 

iv. Drying: Drying was carried out at 80 °C for 

approximately 6 hours to remove organic solvents. 

v.     Sintering:   The   TiO2   nanoparticle   networks   were 

Table I. Nomenclature used in TiO2-Zeolite composites. 

Sample Content in weight% 
IZA 

Code 
Deposit 

TiO2 100% titanium dioxide N/A N/A 

TE25 
25% titanium dioxide 

75 % erionite 
ERI 

Agua Prieta, 

Sonora 

TE75 
75% titanium dioxide 

25 % erionite 
ERI 

Agua Prieta, 

Sonora 

TC25 
25% titanium dioxide 

75 % clinoptilolite 
HEU 

San Gabriel Chilac, 

Puebla 

TC75 
75% titanium dioxide 

25 % clinoptilolite 
HEU 

San Gabriel Chilac, 

Puebla 

TM25 
25% titanium dioxide 

75 % mordenite 
MOR 

Magdalena, 

Oaxaca 

TM75 
75% titanium dioxide 

25 % mordenite 
MOR 

Magdalena, 

Oaxaca 

N/A: Not applicable 

 

restructured at 500°C for approximately 1 hour. 

In the case of the composites, zeolite was added in situ after 

gelation. The materials obtained were: TiO2: contains 100% 

titanium dioxide, TE25: contains 25% titanium dioxide and 

75% Erionite, TE75: contains 75% titanium dioxide and 25% 

Erionite, TC25: contains 25% titanium dioxide and 75% 

Clinoptilolite, TC75: contains 75% titanium dioxide and 

25% Clinoptilolite, TM 25: contains 25% titanium dioxide 

and 75% Mordenite, TM75: contains 75% titanium dioxide 

and 25% Mordenite. These percentage ratios are based on the 

weight percentage. 

 

Determination of the Si/Al ratio 

The Si/Al atomic ratio is generally determined through 

elemental chemical analysis of zeolite samples, a non-

destructive, generally slow, and laborious procedure. EDS 

microanalysis is performed by measuring the energy and 

intensity distribution of X-rays generated by the action of the 

primary electron beam on the sample, using an energy-

dispersive detector [30]. The Si/Al ratio is estimated to be 

using EDS. The sample is placed in the equipment and 

different areas on the surface of the material to be studied are 

measured (to obtain a true value). This results in the weight 

percentages of the elements contained in each area of the 

sample, and an estimated average is obtained. The semi-

quantitative values obtained allow establishing a Si/Al 

relationship [31-33]. 
 

 
Figure 1. Sol-Gel process. 

http://creativecommons.org/licenses/by/4.0/
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Structural and physicochemical parameters 

The average crystal size was determined using the Scherrer 

equation (also known as the Debye-Scherrer equation for 

estimating crystallite size). This equation considers the 

diffraction peak width of the material (powder) with the 

average volume dimensions of the crystallites in a 

polycrystalline material [34]. 

𝛽𝑠(2𝜃)ℎ𝑘𝑙 =
𝐾𝜆

𝐹𝑊𝐻𝑀 cos 𝜃ℎ𝑘𝑙
   (1) 

Where, 𝛽𝑠 is the crystal size is, which is a function of the 

peak width, K is a dimensionless factor representing the 

particle shape in the Debye-Scherrer equation. Its value is 

usually close to unity, ranging from 0.8 to 1.39, λ is the 

wavelength of the X-ray radiation used, FWHM (Full Width 

at Half Maximum) is the full width at half maximum of a 

peak. When implementing the Scherrer equation, it is 

considered that the crystallite size and the size of the 

polycrystalline aggregate are not the same. It is worth 

mentioning that a crystallite is a discrete diffractive domain 

that is consistently scattering X-rays. 

To determine surface areas, the Quantachrome  

Autosorb-1C nitrogen adsorption system was used, using 

nitrogen as the carrier gas at a temperature of 77 K. 

Measurements were made over a relative pressure (P/P0) 

range from 0.01 to 0.99. This technique is the most used for 

surface area characterization. 

CO2 adsorption experiments on substrates were performed 

on a Varian CX3900 gas chromatograph with a thermal 

conductivity detector. The chromatographic columns were 

made of stainless steel (with an internal diameter of 5 mm 

and a length of 50 cm) and packed with TiO2 or TiO2-Zeolite 

granules equivalent to 0.250 mm mesh size. To carry out CO2 

adsorption, the samples were pretreated with helium (He) 

loading at a temperature of 300 °C. Subsequently, CO2 

injections were performed in a column in order to obtain the 

retention time. The gas adsorption isotherms on the zeolites 

were measured at various temperatures (220, 240, 260, 280 

and 300 °C); The adsorbed amount was assessed as a 

function of pressure using the chromatographic peak 

maximum method (GC peak maximum method) using 

helium (30 cm3/min) as the carrier gas. Experimentally 

determined data on adsorption isotherms helped determine 

isostatic heats using the Clausius-Clapeyron equation at low 

coverage levels. 

Data corresponding to CO2 adsorption on TiO2 and      

TiO2-Zeolite samples were fitted to standard Freundlich 

isothermal models using linear regression to determine the 

adsorption parameters relevant to each of the above 

approaches. 

The Freundlich adsorption equation can be written as [35]: 

𝑎 = 𝐾𝐹 + 𝑝1 𝑛⁄     (2) 

Where a is the amount of adsorbed substance per unit mass 

of the adsorbent, KF is the Freundlich adsorption constant 

indicating the adsorption capacity of the adsorbent, p is the 

gas pressure and n is an exponential factor representing the 

adsorption intensity. Linear regression fits the CO2 

adsorption data to the Langmuir equation. It is also possible 

to determine the Henry constant (KH) at different 

temperatures for the series of adsorbent-adsorption pairs, 

from the gas adsorption data at low variations using the 

following expression [36]: 

𝐾𝐻 = lim
𝑝→0

(𝑎 𝑎𝑚𝑝⁄ )   (3) 

Where a represents the amount adsorbed on the solid walls 

at pressure p, while am is the capacity of the monolayer 

evaluated from the Langmuir equation [37]: 

𝜃 = 𝑎 𝑎𝑚⁄ =  𝐾𝑝 (1 + 𝐾𝑝)⁄                   (4) 

Where θ corresponds to the surface coverage fraction, a is 

the volume of gas adsorbed by the solid, am is the volume of 

monolayer gas molecules covering the entire surface of the 

solid and completely occupied by the adsorbent, Kp is the 

Langmuir constant at partial pressure of the adsorbent. 

1 𝑎⁄ = 1 𝑎𝑚⁄ + 1 𝑎𝑚⁄ 𝐾𝑝    (5) 

The standard adsorption energies (−∆Uo) can be found 

from the temperature dependence of the Henry constants KH 

(at low pressures KH ≈ KF), a relationship that is consistent 

with the traditional Van´t Hoff form [38]: 

(𝜕 ln 𝐾𝐻 𝜕𝑇⁄ ) = ∆𝑈𝑜 𝑅𝑇2⁄ ; 𝐾𝐻 =  𝐾𝑜 exp (−∆𝑈𝑜/𝑅𝑇)     (6) 

Where ∆𝑈𝑜 =  ∆𝐻𝑜 + 𝑅𝑇; ∆𝐻𝑜 is the standard adsorption 

enthalpy, R is the universal gas constant, and 𝐾𝑜 is the Van't 

Hoff pre-exponential factor. 

The isosteric heat of adsorption, qst (kcal/mol), at different 

adsorbate loadings can be evaluated from the adsorption 

isotherm data using a Clausius-Clapeyron equation: 

[𝜕 ln 𝑝/𝜕𝑇]𝑎 =  𝑞𝑠𝑡  𝑎 𝑅𝑇2⁄ .  (7). 

 

Results and discussion 

 

Physical-chemical studies of materials 

Table II shows the Si/Al ratio obtained from the EDS 

analysis. The sample with the highest Si/Al ratio is the TM25 

sample with a value of 8.48, while the lowest value was 3.29 

for the TE25 sample. The order of the Si/Al ratio in 

decreasing order is as follows TM25 > TM75 > MOR > CLI 

> ERI > TC25 > TC75 > TE75 > TE25 with the 

corresponding values 8.48 > 7.56 > 5.32 > 5.22 > 4.69 > 4.23 

> 4.05 > 4.01 > 3.29. It is important to note that increasing 

the Si/Al ratio indicates that it has a greater amount of silica 

(Si), it is worth mentioning that silica is a hydrophobic 

material and therefore does not have the capacity to absorb 

water. The affinity for CO2 increases with a decrease in the 

Si/Al ratios [28]. Based on the above, it is observed that the 

composite material with the highest adsorption capacity, 

according to the Si/Al ratio, is TE25. This is because its 

lower Si/Al ratio increases its adsorption capacity, which 

also improves its ability to adsorb CO2. However, its 

catalytic lifetime is limited due to the low Si/Al ratio [28]. In 

contrast, the TM25 sample has a Si/Al ratio of 8.48. 

This study shows that, as the amount of zeolite (erionite, 

clinoptilolite, and mordenite) increases, so does the Si/Al 

ratio. This implies a possible increase in the adsorption 

capacity of compounds with higher amounts of zeolite. The 

overall decrease observed in the Si/Al ratio in the 

composites,   compared   to   the   starting   zeolites,   can   be

http://creativecommons.org/licenses/by/4.0/
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Table II. Physicochemical properties of the materials. 

Sample Si/Al 

Average 

crystallite 

size (nm) 

AB 

(m2/g) 
CB 

AL 

(m2/g) 
KL 

Aext 

(m2/g) 

Wo 

(cc/g) 

ΣW 

(cc/g) 

TiO2 ----- 12.66 34.5 222.0 54.1 24.4 30.9 0.0016 0.7768 

ERI 4.69 ---------- 188.3 -295.2 241.6 587.7 16.6 0.0763 0.1013 

TE25 3.29 22.25 204.1 -49.4 300.4 109.7 50.8 0.0785 0.0168 

TE75 4.01 9.72 301.7 -600.7 301.7 -600.7 195.3 0.0534 0.0390 

CLI 5.22 -------- 16.0 235.8 26.9 16.6 14.3 0.0007 0.0343 

TC25 4.23 26.23 57.7 68.7 96.9 14.1 57.7 0.0000 0.1121 

TC75 4.05 30.71 70.6 92.8 102.2 26.5 70.6 0.0000 0.1437 

MOR 5.32 ----- 288.6 -84.0 405.0 335.5 41.9 0.1213 0.1854 

TM25 8.48 51.12 327.5 -85.6 456.0 190.4 74.4 0.1230 0.0269 

TM75 7.56 22.11 159.9 -188.3 225.1 68.2 69.9 0.0419 0.1792 

AB, BET surface area;  CB, BET constant;   AL, Langmuir surface area;  KL, Langmuir constant;  

Aext, External surface area;  Wo, micropore volume;  ΣW, Total volume. 

 

attributed to the incorporation of TiO2 during the sol-gel 

process. This method can cause slight leaching of aluminum 

into the zeolitic matrix or its chemical interaction with the 

TiO2, altering the Si/Al ratio. In the case of the TiO2-MORN 

composites, the Si/Al ratio remained high, possibly due to 

the greater chemical stability of mordenite during the 

synthesis process, which minimized aluminum loss or 

structural alteration. 

The affinity of the composites for CO2 is closely linked to 

their Si/Al ratio. Studies have shown that a lower Si/Al ratio 

indicates a higher aluminum content, which increases the 

density of exchangeable cations in the zeolitic structure. 

These cations act as active sites for CO2 adsorption, 

improving the gas capture capacity [39]. 

The initial composition of the zeolite influences the Si/Al 

ratio of the resulting composites. Zeolites with lower Si/Al 

ratios, such as erionite, have a higher cation density, which 

can favor CO2 adsorption. On the other hand, zeolites with 

higher Si/Al ratios, such as mordenite, exhibit different 

adsorption capacities due to their lower cation density. These 

structural and compositional differences directly affect the 

adsorptive properties of TiO2-Zeolite composites [40]. In the 

case of clinoptilolite, its moderate Si/Al ratio suggests that 

its CO2 adsorption capacity would be lower than that of 

zeolites with lower Si/Al ratios, such as erionite, but higher 

than those with higher ratios, such as some forms of 

mordenite. This correlation is due to the fact that a higher 

proportion of aluminum in the zeolitic structure increases the 

negative charge density, which in turn increases the 

attraction of CO2 molecules to the compensating cations 

present at the adsorption sites [40].  

Regarding the average crystal size (obtained from X-ray 

diffraction patterns using the Scherrer equation), it can be 

observed that the increase becomes considerable with 

increasing amounts of zeolites in the samples, except for the 

TC25 sample, which maintains the same average crystal size. 

This is perhaps due to the Si/Al ratio, which does not change 

drastically. 

Regarding the surface areas obtained by nitrogen 

adsorption, the TM25 sample shows a larger surface area, 

with a value of 456.0 m2/g. This result is linked to its Si/Al 

ratio of 8.48, which indicates a higher adsorption capacity. 

Furthermore, this is considerably higher and favors the 

adsorption process. 

 

CO2 adsorption isotherms 

The dynamic chromatographic method was used to 

evaluate the adsorption isotherms from the injection pulse 

data derived from the elution curves of the adsorbents in the 

composite study. 

Figure 2 shows the CO2 adsorption isotherms on TiO2 

nanoparticles, where a nearly linear behavior with a small 

favorable curvature can be observed, while Figure 3 shows 

the CO2 adsorption isotherms on the TiO2-Zeolite 

composites. 

In the case of the samples containing TiO2 and erionite 

(Figures 3a and 3b), the incorporation of erionite zeolite 

generates isotherms with a more concave curvature 

compared to the isotherms of pure TiO2. This indicates a  
 

 

Figure 2. CO2 adsorption isotherm on TiO2 nanoparticles. 

http://creativecommons.org/licenses/by/4.0/
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Figure 3. CO2 adsorption isotherms on TiO2-Zeolite composites. 

 

lower adsorption capacity in the TE25 sample and a higher 

adsorption capacity in the sample with the lower erionite 

content (TE75). This behavior is related to the Si/Al ratio, 

where it is evident that TE25 exhibits less favorable values 

for adsorption. 

In the case of the samples containing TiO2 and erionite 

(TE25 and TE75), the incorporation of erionite zeolite 

generates isotherms with a more concave curvature 

compared to the isotherms of pure TiO2. This indicates a 

lower adsorption capacity in sample TE25 and a higher 

capacity in the sample with lower erionite content (TE75). 

This behavior is related to the Si/Al ratio, where it is evident 

that TE25 exhibits less favorable values for adsorption. 

The TiO2-CLI samples (corresponding to TC25 and TC75) 

exhibit more pronounced concave curvatures than the     

TiO2-Erionite compounds. It is also evident that the addition 

of a greater amount of clinoptilolite increases the adsorption 

capacity of the sample. 

The TiO2-Mordenite compounds, although not as concave 

as the TiO2-Clinoptilolite samples, exhibit the same 

behavior: a higher zeolite content results in greater 

adsorption capacity. 

Table III shows the adsorption constants of adsorbed CO2 

at 25 mmHg for the different materials evaluated. Pure TiO2, 

at 220 °C, has an adsorption constant of 0.0893 mmol/g. 

However, with the addition of the TE75 composition at      

220 °C, the adsorption constant increases significantly to 

1.0682 mmol/g. This increase is attributed to the addition of 

a porous material to the TiO2, which enhances its adsorption 

capacity. It is worth noting that the highest adsorption 

constants, at both 220 °C and 300 °C, were recorded in the 

TE75 and TE25 samples, which had the lowest Si/Al ratios, 

with values of 4.01 and 3.29, respectively. This demonstrates 

that the affinity for CO2 increases as the Si/Al ratio in the 

compounds decreases. 

Study of the constants of Henry, Langmuir, and Freundlich 

Table III presents the Henry, Langmuir, and Freundlich 

constants. It is worth mentioning that for low pressures 

KH≈KF, the theoretical Langmuir equation was developed 

assuming the following [41]: 

(1) There is a fixed number of accessible sites available 

on the adsorbent surface, and all sites have the same 

energy (the homogeneous surface). 

(2) Adsorption is irreversible. 

(3) Once an adsorbate occupies a site, no further 

adsorption can occur at that site. 

(4) There is no longer interaction between the adsorbed 

species. All of these points indicate that a monolayer has 

been generated. 

In accordance with the above, we can observe in Table IV 

where the RL (Langmuir correlation constant) values fit the 

Langmuir equation (This is evidenced by analyzing the 

Langmuir and Freundlich constants. Positive constants 

indicate a good fit to these models, while the correlation 

coefficient confirms the accuracy of the fit with respect to 

the experimental values) indicating that a monolayer is 

produced on the surface. While negative values indicate a 

deviation from the ideal behavior of the model or a limitation 

in the mathematical fit due to experimental noise or 

dispersion of the points, the pressure or temperature range 

does not fit well to the ideal model (monolayer or linear 

equilibrium) or the observed phenomenon does not strictly 

follow the theoretical isotherm. It is also shown that the 

adsorption phenomenon is governed by an isothermal 

process because the am and KL values decreased with 

increasing temperature [41]. In the case of the Freundlich 

isotherm model, it is the first known empirical equation that 

can be applied to non-ideal adsorption on heterogeneous 

surfaces, as well as to multilayer adsorption (i.e., several 

adsorbate layers can bind to the adsorbent) [41]. The 

Freundlich correlation constant (RF) values do not fit as 

perfectly as those of Langmuir, indicating that the 

predominant adsorption process is a monolayer process. The 

Freundlich constant (KF) or Freundlich coefficient represents 

a deviation from linearity of adsorption. 
 

 

Figure 4. Isosteric heat of CO2 in the different composites. 

http://creativecommons.org/licenses/by/4.0/
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Table III. Comparison of the adsorption constants in the different composites at temperatures of 220 ºC and 300 ºC at a pressure of 25 mmHg. 

 Adsorption constants (a) 

(mmol/g) 

 
TiO2 TiO2-ERI TiO2-CLI TiO2-MOR 

Weight% 220 °C 300 °C 220 °C 300 °C 220 °C 300 °C 220 °C 300 °C 

(75-25) ***** ***** 1.0682 0.9978 0.0880 0.1068 0.2809 0.1760 

(25-75) ***** ***** 0.5294 0.6526 0.1690 0.1061 0.3371 0.3351 

(100) 0.0893 0.0916 ***** ***** ***** ***** ***** ***** 

 

Table IV. Henry, Freundlich, and Langmuir parameters for CO2 adsorption on TiO2-Zeolite composites. 

Sample 
T 

(°C) 

KH ≈ KL 

(mmol/g· 

mmHg) 

am 

(mmol/g) 
RL 

KF 

(mmol/g· 

mmHg) 

N RF 

TiO2 

220 

240 

260 

280 

300 

-3.675 

-2.827 

-2.619 

-2.677 

-2.839 

-52.826 

-80.192 

-85.397 

-81.366 

-73.206 

0.999 

0.999 

0.999 

0.990 

0.999 

0.005 

0.004 

0.004 

0.004 

0.005 

1.155 

1.128 

1.115 

1.099 

1.119 

0.998 

0.997 

0.998 

0.995 

0.998 

TE25 

220 

240 

260 

280 

300 

-0.445 

-0.345 

-0.889 

-0.204 

-0.223 

-81.300 

-116.550 

-10.837 

-181.488 

-145.772 

0.999 

0.999 

0.933 

0.999 

1.000 

0.036 

0.037 

0.182 

0.031 

0.035 

1.223 

1.179 

2.269 

1.112 

1.109 

0.996 

0.997 

0.996 

0.998 

0.998 

TE75 

220 

240 

260 

280 

300 

-0.232 

-0.209 

-0.186 

-0.192 

-0.163 

-74.460 

-77.101 

-119.189 

-107.991 

-129.870 

0.999 

0.999 

1.000 

0.999 

0.999 

0.068 

0.069 

0.054 

0.057 

0.055 

1.161 

1.128 

1.140 

1.140 

1.119 

0.996 

0.998 

0.998 

0.999 

0.998 

TC25 

220 

240 

260 

280 

300 

-1.916 

-1.637 

-1.504 

-0.989 

-1.999 

-59.347 

-118.343 

-132.625 

-217.864 

-49.726 

0.999 

0.999 

0.999 

0.998 

0.999 

0.009 

0.011 

0.007 

0.006 

0.006 

1.489 

1.239 

1.210 

1.172 

1.144 

0.998 

0.996 

0.992 

0.995 

0.993 

TC75 

220 

240 

260 

280 

300 

2.966 

-8.940 

-6.950 

-1.177 

-2.302 

104.058 

-3.178 

-10.096 

211.864 

-78.247 

0.984 

0.820 

0.943 

0.993 

0.998 

0.003 

0.007 

0.022 

0.008 

0.006 

0.982 

3.062 

2.076 

1.280 

1.137 

0.984 

0.960 

0.990 

0.995 

0.999 

TM25 

220 

240 

260 

280 

300 

-0.501 

-0.564 

-0.476 

-0.435 

-0.388 

-124.069 

-100.908 

-128.865 

-146.198 

-166.112 

0.999 

0.999 

0.999 

0.999 

0.998 

0.020 

0.021 

0.020 

0.019 

0.180 

1.155 

1.162 

1.146 

1.130 

1.105 

0.997 

0.999 

0.998 

0.925 

0.999 

TM75 

220 

240 

260 

280 

300 

-1.537 

-0.716 

-1.749 

-0.745 

-1.548 

-29.079 

-197.238 

-257.731 

-223.214 

-64.977 

0.971 

0.999 

0.999 

0.999 

0.999 

0.038 

0.029 

0.006 

0.007 

0.013 

1.602 

1.212 

1.136 

1.137 

1.255 

0.996 

0.931 

0.998 

0.931 

0.930 
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There is a direct relationship between the KF parameter and 

the adsorption capacity, since an increase in KF indicates an 

increase in adsorption capacity [42]. Table IV shows that the 

composites have the following order based on KF: TE75 > 

TE25 > TM75 > TC75 > TM25 > TC25 > TiO2. This shows 

that the composites with the highest adsorption capacity are 

those with the lowest Si/Al ratio, as is the case of TE75 and 

TE25, which have a value of 4.01 and 3.29. 

 

Isosteric Heat 

The isosteric heat values obtained indicate that adsorption 

is predominantly physical, with curves that do not exceed the 

heat of liquefaction of CO2 (Figure 4). Compared to other 

studies, these values are consistent with modified zeolitic 

materials that present efficient physical adsorption but are 

limited by long-term structural stability. TiO2-Zeolite 

composites show isosteric heating similar to those reported 

for natural zeolites and MOFs (Metal-Organic Materials), 

such as ZIF-8 deposited on TiO2 nanotubes, which also 

combine high surface area with selective adsorption. 

However, the materials studied here have the advantage of 

being less expensive and more accessible for commercial 

applications [43]. 

 
Conclusions 

 

TiO2-Zeolite composites show great potential for CO2 

capture, highlighting that the decrease in Si/Al ratio 

significantly improves the adsorption capacity due to the 

increase in exchangeable cation density, as observed in TE75 

and TE25, with values of 4.01 and 3.29, respectively. 

Furthermore, the increase in surface area, as in TM25 with 

456 m2/g, reinforces the adsorption efficiency. The 

Langmuir model best fits the experimental data evidencing 

monolayer adsorption, while isosteric analysis confirmed 

that the interaction is predominantly physical. These results 

underline the synergy between TiO2 and zeolites, offering 

viable and efficient materials for environmental mitigation 

applications. 
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