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Abstract

This study investigates the influence of lanthanum (La) doping on the CO; ad-
sorption behavior of silica-based porous composites synthesized via a chemical
solution method. Structural analyses using X-ray diffraction (XRD) and trans-
mission electron microscopy (TEM) confirmed that crystallization of lantha-
num oxide within the amorphous silica matrix progresses with increasing La
content. CO, adsorption measurements revealed that samples with lower La
concentrations exhibited higher reversible adsorption capacities at low tem-
peratures, indicating that physical adsorption within microporous structures
plays a more dominant role than chemical interactions. Enhancing CO, ad-
sorption performance requires maximizing the effective active surface area
through uniform dispersion of fine lanthanum oxide particles. However, the
complex involvement of fluid behavior and thermal expansion at elevated tem-
peratures suggests that temperature-dependent structural design is essential
for practical applications.
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1. Introduction

The efficient capture of carbon dioxide (CO,), a major contributor to global warm-
ing, has become an urgent global challenge. Amorphous silica has attracted atten-
tion as a gas separation material because its Si-O-Si network structure can be tai-

lored to achieve selective adsorption depending on the target gas species [1]. Pre-
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vious studies have reported that doping silica with transition metals introduces
functional adsorption sites, such as hydrogen adsorption-desorption sites [2]-[4].
Our earlier work also demonstrated that La-doped silica exhibits higher CO, ad-
sorption capacity than silica doped with other metals [5].

Adsorption mechanisms are generally classified into physical adsorption and
chemical adsorption. Physical adsorption is governed primarily by van der Waals
forces and is reversible upon evacuation. The adsorption amount is strongly in-
fluenced by the surface area and microporous structure of the material. In con-
trast, chemical adsorption involves stronger interactions—such as hydrogen
bonding or acid-base interactions—comparable to those responsible for com-
pound formation, and is therefore typically irreversible. Chemical adsorption de-
pends on the type and chemical state of the doped elements and their reaction
products [6].

The overall CO, adsorption capacity of a material is determined by the com-
bined contributions of these two mechanisms. However, the manner in which
doped elements influence the balance between physical and chemical adsorption
remains insufficiently understood. Therefore, this study aims to clarify how vary-
ing the amount of La doping affects both physical adsorption (related to porous
structure) and chemical adsorption (related to CO; affinity) by analyzing the re-

sulting crystal states and microstructures of La-doped silica composites.
2. Experimental Methods

2.1. Sample Preparation

La-doped silica porous composites were synthesized following the procedure de-
scribed in our previous report [7]. Anhydrous ethanol and tetraethoxysilane
(TEOS) were mixed under stirring while maintaining the mixture at 0°C to pre-
vent ethanol evaporation. La(NO3);-6H,O was added to achieve Si:La molar ratios
of 2:1, 4:1, and 8:1. After complete dissolution, hydrogen peroxide was added, and
the mixture was stirred for 2 h. The resulting gel was dried at 60°C for one week,
ground into powder, and stored in a desiccator.

Thermal analysis (TG-DTA) was conducted to determine the calcination tem-
perature, which was set to 600°C. Samples were heated at 2°C/min to 600°C, held
for 3 h, and cooled at 5°C/min. Figure 1 shows the synthesis flow chart and sample
appearance.

2.2. Characterization

2.2.1. Structural Analysis

XRD measurements were performed using a Rigaku RINT2500 diffractometer
(Cu Ka radiation, 3 kW, 50 mA, 20 = 20-60°). Microstructural observations were
conducted using a JEOL JEM-4000FX TEM and a Hitachi S-4500 SEM.

2.2.2. COz Adsorption Measurements

To measure CO, adsorption capacity, CO, adsorption experiments were con-
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ducted on samples of pure silica and La-doped silica with different compositions
using a fully automated gas adsorption analyzer (specific surface area and pore
size distribution analyzer; AUTOSORB), based on the volumetric method.

Tetraethoxysilane Ethanol
Si(OC_H,), C,H,OH

La
amount per concentration

I

| Lanthanum nitrate
| La(NO,), - 6H,0
i
L

Hydrogen Peroxide
_________ H,0,

Stirred f@

Grind
Si-o-La
Precursor powder

Figure 1. Flow chart of the production process of La-doped Silica specimen by a precursor

solution method and sample views.

First, CO, was adsorbed onto the SiO,-La composite sample by passing it
through the sample under pressure. After holding the sample at this pressure for
a set period, the CO, was desorbed by reducing the pressure, and the process was
then repeated by reapplying pressure. For a sample under a single set of experi-
mental conditions, this cycle was repeated several times; the amounts of gas ad-
sorbed and desorbed during this process were measured, and the amount of gas
adsorbed on the sample surface was determined based on these changes. The ad-
sorption measurement is performed by opening a solenoid valve to introduce car-
bon dioxide from a manifold containing carbon dioxide at a specified pressure
into the cell containing the sample. The amount of adsorption can be calculated
from the difference between the amount of carbon dioxide introduced into the
system and the amount of gas remaining in the system after adsorption.

Figure 2 shows a flowchart of the volumetric adsorption measurement appa-

ratus.

DOI: 10.4236/msa.2026.178015

233 Materials Sciences and Applications


https://doi.org/10.4236/msa.2026.178015

M. Kobayashi

Flowmeter

Pressure gage

1 X| Solenoid valve

Sample cell

Electric furnace

Figure 2. Flowchart for measuring carbon dioxide (CO.)
adsorption capacity using a AUTOSORB.

For two experimental temperatures—100°C and 400°C—we performed the
same procedure on 20 to 25 samples at each temperature, varying the experi-
mental pressure from 0 kPa to 110 kPa to obtain data on the pressure dependence
of the CO; gas volume.

In AUTOSORB volumetric measurements, the amount of gas removed (Z.e., the
amount adsorbed) can be calculated using the equation of state based on the “pres-
sure change” before and after adsorption and the “known instrument volume”
when gas is introduced from the manifold into the sample cell. In this way, the
amount of CO, that can be measured by repeatedly performing desorption and
adsorption under adsorption equilibrium pressure can be plotted at each pressure
value at a constant temperature based on the actual material’s adsorption system,

generally yielding the adsorption isotherm shown in Figure 3.

Ayoedes uondiospe ‘0D

Pressure

Figure 3. Carbon dioxide adsorption isotherms.

Line (a) shows the initial adsorption isotherm, while Line (b) shows the adsorp-

tion isotherm obtained after performing an adsorption measurement, followed by

DOI: 10.4236/msa.2026.178015

234 Materials Sciences and Applications


https://doi.org/10.4236/msa.2026.178015

M. Kobayashi

a vacuum evacuation, and then conducting another adsorption measurement. The
difference between these two adsorption isotherms (Vi) corresponds to the
amount of carbon dioxide that is irreversibly adsorbed—that is, the amount of
chemically adsorbed carbon dioxide—which cannot be desorbed at the measure-
ment temperature due to strong adsorption forces.

On the other hand, the Vr shown in (b) corresponds to physical adsorption of
carbon dioxide that can be reversibly adsorbed and desorbed in response to
changes in carbon dioxide pressure. This analytical method has also been used in
previous studies on CO, adsorption [8]. Possible sites for this adsorption include
extremely small pores that can only be reached by gas diffusion, the interface be-

tween the support and the metal, or surface lattice defects.

3. Results
3.1. XRD Patterns of La-Doped Silica

Figure 4 shows the XRD patterns of samples with different La contents. The Si:La
= 2:1 sample exhibited eight diffraction peaks corresponding to La,Os, indicating
significant crystallization. The Si:La = 4:1 sample showed two La,O; peaks ((002)
and (011)), while the Si:La = 8:1 sample exhibited no distinct peaks, suggesting
that La,Os crystallization was suppressed and the amorphous silica structure was

largely retained.
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Figure 4. XRD pattern for the La-dope Silica specimens. (a)
Si:La = 2:1; (b) Si:La = 4:1; (c¢) Si:La = 8:1.
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3.2. Microstructural Observations

Although we did not perform SEM or TEM observations on all of the obtained
samples, we did conduct microscopic observations on multiple specimens of each
type. As a representative example, Figure 5 shows SEM and TEM images of a
sample with a Si:La composition ratio of 4:1.

SEM (Figure 5(a)) revealed no obvious porous structure, although bright con-
trast regions were attributed to dispersed La,O; particles. TEM analysis (Figure
5(b)) confirmed lattice fringes corresponding to La,O; (100) and (012) planes.

(b)

Figure 5. (a) SEM image and the electron diffraction pattern of La-dope Silica specimen;
(b) TEM image and the electron diffraction pattern of La-dope Silica specimen (Si:La = 4:
1).

3.3. CO2 Adsorption Behavior

Figure 6 summarizes the CO, adsorption capacities. Pure silica exhibited negligi-
ble chemical adsorption, whereas La-doped samples showed measurable irreversi-
ble adsorption. However, in all samples, the proportion of chemical adsorption
remained small, in dicating that physical adsorption dominated the overall CO,
uptake.

Reversible adsorption showed strong temperature dependence. At 100°C, lower
La concentrations (Si:La = 8:1 and 4:1) yielded higher adsorption capacities. At
elevated temperatures, adsorption decreased, except for the Si:La = 2:1 sample,
which showed an anomalous increase at 400°C.

The adsorption capacity varied significantly with temperature, and a tempera-
ture de pendence was confirmed. At the low temperature of 100°C, the higher the
La doping level, the greater the reversible adsorption capacity; however, as the
temperature increased, the CO, adsorption capacity tended to decrease.

The above results are summarized in Table 1.

4. Discussion

Except for the Si:La = 2:1 sample, La-doped silica exhibited higher CO, adsorption
than pure silica, confirming that La contributes to enhanced adsorption perfor-
mance. Previous studies have shown that La** increases surface basicity, strength-

ening CO,-surface interactions and promoting chemical adsorption [9]-[11]. In
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our samples, dispersed La,O3 particles likely served as chemical adsorption sites.
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Figure 6. CO; adsorption capacities of various silica-lanthanum samples. (Weak: Reversi-
ble adsorption capacity, Strong: Irreversible adsorption capacity).

Table 1. Table summarizes the Average reversible CO: adsorption capacity (cc/g).

La-Concentration Adsorption Temperature (°C)
n=20-25 100°C 200°C 400°C
SiOs 2.7767 0.7098 0.7098
Si:La =2:1 1.9587 0.71086 2.094
Si:La =4:1 3.9206 1.81485 1.6764
Si:La = 8:1 5.14851 1.70202 1.03101

However, AUTOSORB measurements revealed that chemical adsorption con-
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tributed only minimally to total CO, uptake. Instead, physical adsorption domi-
nated, suggesting that La doping primarily influences the microstructural features
that govern surface area and pore accessibility. SEM observations did not reveal
macroscopic porosity, implying that structural changes occur at the nanoscale.

At high La concentrations (Si:La = 2:1), La,Os crystallites grew larger, reducing
effective surface area. In contrast, lower La concentrations (Si:La = 4:1 and 8:1)
maintained smaller particle sizes, preserving microporous characteristics and en-
hancing physical adsorption.

Figure 7 illustrates the correlation between La content and the number of de-
tectable La,O; crystal planes. A greater variety of crystal planes during synthesis
may promote the formation of diverse microstructural motifs within the amor-
phous silica matrix [12], facilitating the development of fine porous structures that
enhance gas diffusion and trapping. This interpretation is consistent with insights

from defect engineering [13].
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Figure 7. The correlation of the number of crystal faces and the amount of
La in La-dope Silica specimen.

A limitation of this study is that we were unable to obtain direct evidence re-
garding the pore structure, such as the BET specific surface area or pore size dis-
tribution. In this regard, the author anticipates that much of what is discussed in
this analysis will be subject to criticism, as it relies heavily on speculation and may
appear somewhat illogical. However, the reality is that most CO; adsorption ma-
terial development to date has not focused on crystal structure in this way; in that
sense, I hope this work will lead to research and development from a new perspec-

tive such as effective active surface area and pore structure stability.

5. Conclusions

La-doped silica porous composites were synthesized via a chemical solution
method, and the effects of La content on CO, adsorption behavior were evaluated.

Increasing La content promoted La,O; crystallization within the amorphous silica
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matrix. CO, adsorption tests revealed that low La concentrations yielded higher
reversible adsorption at low temperatures, indicating that physical adsorption
within fine porous structures is the dominant mechanism.

Enhancement of CO, adsorption requires maximizing the effective active sur-
face area through uniform dispersion of fine La,Os particles. However, tempera-
ture-dependent structural changes and fluid behavior must be considered for prac-
tical applications. Future work should focus on detailed analysis of nanoscale struc-
tural features and fluid dynamics to guide the design of high-performance CO,

adsorbents.
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