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Abstract 
 

Carbon capture and storage (CCS) is considered a key process to reach net-zero emission by 2050 aim limiting global warming. Coal 

Beds Methane (CBM) are considered potential geological reservoirs for underground CCS due to the CO2-CH4 exchange feasibility by 

adsorptive phenomena. It is worth mentioning that global implementation has been focused only on deep reservoirs to provide 

methane recovery. Thus, this work proposes a modified CCS process based on silica nanoparticle inclusion for shallow CBM 

reservoirs (<300 m). The nanomaterials were evaluated at high pressure in two main stages including i) CO2 sorption on a single CO2 

stream and ii) CO2 selectivity on a flue gas stream (N2-CO2 mixture). This work includes silica nanomaterial synthesized from rice 

husk as agro-waste sources with better technical-economic feasibility framed in a circular economy to reduce costs and maximize the 

use of available resources. Rice husk silica nanoparticles (RSi) were doped with 1.0, 3.0, and 5.0 wt.% of urea (Si-U), diethylamine 

(Si-DE), triethylamine (Si-TE), and ethylenediamine (Si-EM) to enhance the CO2 sorption. First, CO2 sorption was evaluated at 30 °C 

and between 0.084 MPa and 3 MPa using a CO2 stream to determine the best-doped amount of each N-source. Then, the best 

nanoparticles were used to impregnate CBM at 10 wt.% and 20 wt.%, and the subsequent CO2 storage on the flue gas stream (70 %v/v 

N2 and 30 %v/v CO2) was done. The results showed that CO2 sorption on RSi increases with the N-group coating in the order RSi-DE 

< RSi-TE < RSi-U < RSi-EM. Also, the best-doped amount for each N-source was 3 wt.%. For CBM impregnation, the nanofluid 

containing 20 wt.% of RSi-EM3 presented the best yield increasing the CO2 sorption from 0.05 to 0.75 mmol g-1, meaning an increase 

of more than 1000% in the sorption capacity. 

 

Introduction 
 

Carbon dioxide (CO2) is considered the primary contributor to greenhouse gases (GHG) compared to other gases like methane, nitrous 

oxides, and ozone, among others.1 The concentration of CO2 in the atmosphere has been observed to constantly rising mainly 

associated with the burning of fossil fuels to satisfy the global demand for energy, which accounts for around 81% of the world's 

commercial energy supply.2 The excess emission of CO2 to the atmosphere is the main reason for the current global climate change 

and its associated problems, including global warming, sea-level rise, and ocean acidification, threatening human development.3 Thus, 

alternatives to reducing and controlling CO2 emissions towards mitigating climate change must be developed and deployed. In this 

context, alternatives like Carbon, Capture, and Storage (CCS) are acknowledged as an important strategy toward a net-zero-CO2 

emission pathway,4 which offers the possibility of using existing technologies to achieve a net-negative-CO2 emission.5, 6 CCS 

processes are considered a feasible approach to reducing CO2 emissions.7 It is featured as the second-largest contributor to the 

mitigation of GHG emissions by 2050 according to the Organization for Economic Co-operation and Development and the 

International Energy Agency.8  

About the CCS strategies are widely recognized the Coal Bed Methane (CBM) reservoirs, which includes methane recovery processes 

based in a gas exchange of CO2-Methane due to its great affinity for carbon adsorption onto the coal bed.9 CCS processes related to 

CBM reservoirs are coupled to Methane production that promotes a subsequent carbon storage then of methane recovery, being this 

process commonly developed in deep depth with particular characteristics of CO2 state and some specific facilities for their injection 
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to the underground.9 The amount of CO2 that can be stored in subsurface mostly depends of reservoir conditions like pressure, 

temperature, and particular petrophysics of the coal.9, 10 According to specialized literature, a suitable reservoir for CO2 storage should 

be located in deep depth (approximately between 300 to 1500 m) to assure acceptable adsorption of the gas on the coal.11, 12 However, 

in several countries also are reported wide areas with depleted or unmineable coal beds located at shallow depth that under certain 

conditions could be a good alternative to promote the carbon sequestration. Particularly, in Colombia are described several 

carboniferous formations of coal bed at shallow deep around < 300 m, which eventually could have good prospect to be used in CCS 

process.13, 14 

Considering that the sorption phenomena is the driver mechanism of CCS on CBM reservoirs,15-17 nanotechnology can be considered 

as a great option to enhance this process with the inclusion of nanomaterials which have exclusive properties including low sorbent 

cost, high selectivity, simplicity of design, regeneration, and high surface energy.18-23 Big efforts have been done by several authors on 

the synthesis and application of nanomaterials for CO2 storage focused on sandstone-based reservoirs. Rodriguez et al.24, 25 were the 

pioneers on this technology by the development of carbonaceous nanomaterials for CO2 capture from flue gas streams applied to 

shallow sandstone reservoirs. The authors obtained that sandstone adsorptive capacity increased from 0.0013 mmol g-1 (non-treated) 

up to 0.64 mmol g-1 (impregnated with 20 wt.% of carbon nanoparticles). Similarly, many nanomaterials have been developed to 

enhance the efficiency of CO2 sorption commonly used in surface facilities, including zeolites,26-28 metal-organic frameworks 

(MOFs),29-32 carbon-based and alumina-silicate nanomaterials,33-37 among others.24, 25, 38 Pham et al.18 developed nano-zeolites with a 

CO2 adsorption capacity of 4.81 mmol g-1 (at 20 °C and 1 atm). Regarding Metal-organic frameworks materials, a wide variety is 

reported in the literature with several differences in their structure and composition corresponding to a wide range of CO2 capture 

efficiency with reported average values of CO2 adsorption from 0.3 up to 6.0 mmol g-1 or even higher depending on the composition 

and conditions of pressure and temperature, such as is described by Ding et al.31 and Ghanbari et al.32 Between them, silica-based 

nanomaterials have many advantages associated to their chemical stability, simple synthesis and high surface area.39, 40 In recent years, 

researchers such as Li et al.41 studied the influence of silica types in the performance and synthesis by grafting amine-silica hybrid 

materials used for post-combustion CO2 capture. Moreover, Wu et al.42 synthesized four silica-based nanomaterials, including 

magnesium silicate (MgSiO3), manganese silicate (MnSiO3), copper silicate (CuSiO3), and zirconium silicate (ZiSiO3), from coal 

gangue via hydrothermal method performing a strong selectivity towards CO2 over N2, which can be used like start point in the 

storage process of CO2 in CBM. 

On the other hand, some researches has established silica-modified nanomaterials such as amine-functionalized as ideal sorbents for 

selective separation of CO2 from a mixture of gases due to their reversible reaction with CO2.43 The interaction between acidic 

CO2 and other molecules as basic amine groups could increase the CO2 uptake, enhancing their sorption capacity, which have been 

widely studied in the scientific literature in capture process.44-47 Although the silica nanomaterials developed in the literature 

mentioned above were not applied for carbon storage in reservoir of sandstone and CBM. These have tunable characteristics have the 

great potential to be involved in this kind of process. Additionally, to promote an environmentally friendly process with a minor 

footprint carbon. To the best of our knowledge, this is the first study using amine-functionalized biomass-derived silica nanoparticles 

to improve the chemical-physical properties of Carbon Beds Methane to enhance their CO2 selective sorption based on a CCS process. 

Therefore, the aim of this work also included the development of biomass-derived silica nanomaterials from rice-husk for being used 

to enhance the CO2 storage from flue gas streams in shallow reservoirs of CBM. In this sense, this work aimed to assess the potential 

of carbon sequestration in shallow CBM reservoirs based in the biomass-derived silica nanoparticles inclusion by enhanced sorptive 

phenomena. To this aim, silica nanoparticles were synthesized using rice husk and subsequent doped with four nitrogen-sources (3 

amines and urea) at 1 wt.%, 3 wt.% and 5 wt.%. The nanoparticles were robustly characterized and evaluated in CO2 sorption to then, 

select the best dosage of each source and impregnate the CBM at 10 and 20wt.%. Finally, CO2 storage capacity on CBM was 

measured using flue gas streams (N2-CO2 mixture).  

 

Experimental 
 

Materials.  

Biomass-derived silica nanoparticles were used for this study. Rice husk from a local Colombian mill was used to synthesize the silica 

nanoparticles. Additionally, regents as chloride acid (37% purity) and sodium hydroxide (98% purity) were purchased from Merck 

KGaA (Darmstadt, Germany), sulfuric acid (98% purity) was obtained from PanReac AppliChem (Darmstadt, Germany), all used to 

synthesize silica nanoparticles. Furthermore, for surface modification the following chemicals were used, all from Sigma-Aldrich (St. 

Louis, MO): urea (99% purity), diethylamine (99% purity), triethylamine (99% purity), and ethylenediamine (99% purity). Figure 1 

shows the chemical structure of the surface modifiers. 
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a) (CO(NH2)2) b) (C₂H₄(NH₂)₂) 

 

 
c) ((CH3CH2)2NH) d) (N(CH2CH3)3) 

Figure 1. Chemical structure of the surface modifiers a) urea, b) ethylenediamine, c) diethylamine, and d) triethylamine. 

 

Carbon bed methane (CBM) sample was taken from a Colombian outcrop located in Guajira basin and was impregnated with 

nanoparticles for the CO2 sorption tests. The CBM sample presents a total organic content (TOC) of 16.6 wt.%. The ash content 

(associated to the inorganic carbon) was stabilized in 67.4 wt.%. The surface area of CBM sample was 13.672 m2 g-1. The remainder 

of the sample is considered non-purgeable organic carbon. Also, the humidity was 8.10%.  

 

 

Methods 

Figure 2 shows the proposed workflow to develop and evaluate CO2 sorption and selectivity over nanoparticles doped on carbon bed 

methane samples. The process starts with the rice-husk silica (RSi) synthesis and impregnation with four nitrogen sources at 1 wt.%, 3 

wt.% and 5 wt.%. The systems are evaluated on CO2 sorption between 0.084 MPa and 3.0 MPa to select the best-in-class 

nanoparticles and make de subsequent impregnation of CBM. The CBM was doped with 10 wt.% and 20 wt.% of nanoparticles and its 

CO2 sorption on the flue gas stream was assessed. 

 
Figure 2. Conducted workflow in this research. 

 

Synthesis of silica nanoparticles. The rice-husk silica (RSi) synthesis was developed based on the methodology proposed by 

Ghorbani et al.48, with some variations reported by Montes et al.49. The synthesis starts with collecting the rice husks and subsequent 

washing with deionized water to remove dirt and impurities and further drying at 90˚C for 1 h to remove humidity. Then, a 

pretreatment with HCl 1M for 2 h at 80 °C was carried out. The rice husk was further rewashed to remove heavy elements, and it was 

calcined at 600 °C for 6 h. The obtained ashes were treated with a basic solution of NaOH 0.5N at 90 °C under vigorous stirring for 6 

h. The solution was filtered and neutralized with H2SO4 15% to reach a pH of 8. The obtained gel was left to stand for 24 h and further 

centrifuged at 4500 rpm. The material was filtered and washed with deionized water to remove the excess and impurities, then finally 

dehydrated, and calcined at 600°C to obtain the silica nanoparticles. 

 

Surface modification of nanoparticles. The modifications were performed with four nitrogen compounds agents, such as Urea, 

Ethylenediamine, Triethylamine, and Diethylamine, through the incipient impregnation methodology.50 For this, different stock 

solutions with each agent at a mass fraction of 1, 3, and 5 wt.% regarding the mass of nanomaterial were prepared. After 

impregnation, the modified nanoparticles were washed with deionized water in excess, obtaining a total determined amount impregned 

onto the nanomaterial surface by a posterior thermogravimetric analysis. 
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Characterization of nanoparticles. Silica and modified silica nanoparticles were characterized by different techniques to determine 

the textural and chemical properties. The material's surface was estimated from nitrogen adsorption/desorption isotherms at -196.15 

°C on a Quantachrome Autosorb-1 equipment after outgassing samples overnight.51  The surface area of was calculated using the 

Brunauer-Emmett-Teller (BET) method.52 The BET model describes multimolecular adsorption for a solid-gaseous system, applying 

the Langmuir equation for the different adsorbate layers on the sorbent.53, 54 55, 56 The hydrodynamic diameter was determined by 

through the dynamic light scattering (DLS) using a NanoPlus-3 (Micromeritics, GA, USA)dispersing the nanoparticles in an aqueous 

solution. The mean particle size was calculated from the diffusional properties of the particle, indicating the size of the hydrated and 

solvated particle. Stokes' Law provides a convenient method for determining particle size distribution (PSD).57 Scanning electron 

microscopy (SEM) was used to obtain the dry particle size and morphology of the samples. The analysis was carried out using a 

GEMINI-LEO1530 VP FE-SEM emission electron microscope (Carl Zeiss, Cambridge, UK). 

The decomposition of the different synthesized materials was evaluated as a function of temperature to determine the experimental 

impregnation of the N-doped phase. Thermogravimetric analysis (TGA) was performed in Q50 equipment (TA Instruments, Inc., New 

Castle, DE, USA) in the presence of air atmosphere at flow rate of 100 mL min-1 and a heating rate of 20°C, from 30 up to 800 °C. 

The differences in the mass loss between the virgin material and the surface-modified (functionalized) material with adsorbed species 

determine the total amount adsorbed and the effectiveness grafted onto the surface.58 

Temperature programmed desorption with NH3 (TPD-NH3) experiments were performed to measure the total acidity of the 

synthesized materials to correlate the surface acidity with the molecular interaction behavior with the CO2/N2 gas. Surface acidity 

TPD-NH3 experiments were performed in the equipment Chembet 3000 (Quantachrome Instruments, USA) following a similar 

procedure used by Lopez et al.59 Approximately 0.1 g of each prepared nanomaterial was dried at 200 °C for 1 hour under He flow in 

a U-shaped quartz tube. Adsorption was performed with a fixed amount of 10 vol% NH3 in He at 80 mL min-1 introduced to be 

adsorbed at 100 °C for 1 h. The carrying gas was changed to pure He at 80 mL min-1 at 100°C for 1 h and finally heated up to 900°C 

at 10 °C min-1, obtaining the desorption process. A calibrated Thermal conductivity detector (TCD) with a constant flow of He at 80 

mL min-1 senses the changes in the gas flow through the instrument due to the desorption of the NH3 in the heating ramp.60, 61 The 

nanomaterials were characterized separately by Fourier transform infrared spectroscopy to determine their functional groups,62 FTIR 

analyses were conducted to confirm the nanoparticles' characteristics and surface modification. The FTIR (Fourier transformed 

Infrared analysis was carried out in RAffinity-1 FTIR equipment (Shimadzu, Japan) in transmittance mode with a resolution of 2 cm-1 

for a range of 4500-600 cm-1. The samples are subjected to heating for 4 hours at 110°C to eliminate the water content present and are 

mixed with KBr (20% of material in KBr). For the spectrum measurement, KBr is taken as the blank. Also, X-ray photoelectron 

spectroscopy measurements were done to determine the functional groups distribution of the samples. To this aim a monochromatic 

Al-Kα source (1486.7 eV, 13 kV, 100 W) with step energy of 90 eV for general spectra and 20 eV for high-resolution spectra (O1s, 

Si2p, N1s) was used. The step was 1 eV for general spectra and 0.1 eV for high-resolution spectra. Calibration of the adventitious C=C 

peak was done at 284.8 eV. All XPS spectra were analyzed using the XPSpeak4.1 software. Baseline corrections were made using a 

Shirley-type background correction. A Gaussian–Lorentzian sum function in different ratios fits the individual peak. 

 

Impregnation of CBM samples. The CBM was modified to enhance the rock surface with the nanoparticles and increase the 

chemical-physical condition and molecular interactions. According to Rodriguez et al.,63 the minimum nanoparticle percentages 

needed to improve the CO2 sorption capacity are 10 wt.% and 20 wt.%. Considering this, in this work, the CBM was impregnated with 

the best in class nanoparticles at mass fractions of 10% and 20% by the immersion and soaking method.63 The nanofluid was 

developed by dispersing the nanoparticles in deionized water and sonicated at 40 °C for 4 h. The CBM was introduced into the 

nanofluid at 60 °C for 24 h. This method mimicked the reservoir conditions. The modifying CBM was dried at 110 °C for 12 h. 

 

CO2 sorption experiments. Sorption tests were performed using the Thermogravimetric equipment HP-TGA 750 (TA Instruments 

Inc., Hüllhorst, Alemania), which permits different pressure and temperature conditions under CO2 and/or N2.64 This experiment 

determines the interaction capacity of each system analyzed. 

An HP-TGA 750 analyzer (Hullhorst, Germany) was used to evaluate the CO2 sorption capacity of synthesized nanoparticles at a 

fixed temperature (25 °C) at a range of pressures between 0.084 MPa and 3.0 MPa based on a magnetic levitation technique. The 

magnetic system provided a monotone electromagnetic field capable of levitating a magnet set on the suspension shaft and sample 

maintainer. The device was calibrated based on temperature and weight. However, changing the heat conductivity of the gas by 

pressure and temperature makes temperature calibration at high-pressure conditions very challenging. Therefore, it is essential to do 

the Curi measurements in the entire pressure range of the device. To do the tests, first, a vacuum condition (0.00025 MPa and 120 °C) 

was used to clean the solid surfaces of the samples for 12 h. Then, pressure, temperature, and gas flow rate were adjusted to the initial 

conditions. A series of manometers and valves controlled the system pressure so that the high-pressure conditions were easily 

achieved. To correct the buoyancy effect of the gas flow, for each test, two different runs were accomplished with empty and solid-

filled sample containers. Then, the obtained mass profile for each sample was reduced for the empty sample container.65-72 Figure 3 

shows the schematic diagram of the experimental system assembled for CO2 sorption in flue gas streams. 
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Figure 3. Schematic diagram of the experimental system assembled for CO2 sorption in flue gas streams. MCF1-3 are the mass flow 

controller for each one of the gases injected into the system. P1-3 are the manometers, 1-4 are the automatic valves, 5 is the gas outlet 

pressure regulator, 6 is the tube balance, 7 is the magnet levitated balance and the high-pressure reaction furnace. 

 

At high pressure, the CO2 sorption capacity was evaluated in two different conditions: (i) under pure CO2 (up to 3.0 MPa) using a 

CO2 flow of 60 mL min-1 and (ii) under a CO2/N2 flow in (up to 3.0 MPa). The model flue gas comprising 70% N2 and 30% CO2 was 

selected. According to the obtained results in previous work,73 the amount of each material put inside the sample holder was around 15 

mg for nanoparticles, 40 mg for CBM, and 40 mg for impregnated CBM, to have enough total surface area for sorption. The isotherms 

were fitted with the Langmuir model, which considers monolayer adsorption of the adsorbate on adsorbent surfaces. The model is 

described by Equation 1. 

max

1

L e
ads

L e

N K C
N

K C
=

+
      (1) 

where adsN  (mmol g−1) and maxN  (mmol g−1) represent the sorbed amount and sorption capacity at equilibrium pressure. HK  

represents the sorption equilibrium Langmuir constant, and eC  represents the equilibrium concentration of the asphaltenes in the 

supernatant. 

 

 

Results and discussion 
 

Size and morphology.  

Table 1 presents the impregnation amount of urea and amine on the synthesized RSi. The results indicate that nanoparticles were 

successfully impregnated via the incipient wetness technique obtaining close values between experimental and theoretical 

calculations.  

 

Table 1. The ratio of urea and amine dosage, hydrodynamic diameter (Dp50) of the synthesized nanomaterials 

Sample N-source Theoretical impregnation 

(wt.%) 

Experimental 

impregnation (wt.%) 

RSi 

RSi-U1 

- 

Urea 

- 

1%  

- 

0.98%  
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RSi-U3 

RSi-U5 

RSi-DE1 

Urea 

Urea 

Diethylamine 

3%  

5%  

1%  

3.12%  

5.02%  

1.12%  

RSi-DE3 

RSi-DE5 

RSi-TE1 

RSi-TE3 

RSi-TE5 

RSi-EM1 

RSi-EM3 

RSi-EM5 

Diethylamine 

Diethylamine 

Triethylamine 

Triethylamine 

Triethylamine 

Ethylenediamine 

Ethylenediamine 

Ethylenediamine 

3% 

5% 

1%  

3%  

5%  

1%  

3%  

5%  

3.01% 

5.10% 

0.99%  

2.98%  

4.96%  

1.03%  

2.94%  

5.03%  

 

The morphology and size distribution of nanomaterials obtained from rice husk is presented in Figure 4 for a) Ethylenediamine-

EM, b) Diethylamine-DE, c) Triethylamine-TE, and d) Urea-U. The Figure shows that a silica network is formed by nearly spherical 

particles with different degrees of fusion. The system does not change the structure after active phase inclusion; that is, after doping 

with the different amines and urea, a similar structure is obtained. The particle size obtained by SEM analysis for non-doped silica was 

40 nm. 

  
a) b) 

  
c) d) 

Figure 4. Scanning electron microscopy images of silica doped with 3 wt.% of N-sourced including a) Ethylenediamine-EM, b) 

Diethylamine-DE, c) Triethylamine-TE, and d) Urea-U. 

 

The size was also analyzed by DLS and the results are shown in Figure 5a. The hydrodynamic diameter of functionalized materials 

was obtained for particles in water (at pH 5.8). The results show that the average silica nanoparticle diameter increased from 40 nm to 

at least 90 nm because of the loading with the urea and amine group, which can be attributed to the formation of a thick layer on the 

surface of the silica nanoparticles. The mean particle size increased in the doping amount order 1 wt.% < 3 wt.% < 5 wt.% for all N-

sources used. According to the loading amount of amino functional groups on the surface, they could interact between them, 
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increasing the size. This result agrees with the report by Hurtado et al.74, who state that a higher amount of molecules coating the 

surface of the nanoparticles increases its hydrodynamic diameter.  

Regarding the type of amine molecules, considering the same loading amount, the trend increased in order RSi-TE > RSi-U > RSi-

DE > RSi-EM; the structure of amine molecules explains these results. The primary amine (EM) exhibits the smallest particle size 

among the three amino groups. The steric hindrance effect in triethylamine and diethylamine decreases the ability of the amine to 

position itself in an orderly manner on the surface of the silica nanoparticle, thus, leading to an increase in the average diameter of 

nanoparticles. 

Figure 5b-c summarizes the surface area (SBET) and total surface acidity (TPD-NH3) values for the synthesized and modified 

nanoparticles. The RSi presents a total acidity of 100 µmol g-1. Once the RSi is doped with the different N-groups, the acidity 

decreased. As higher the doped amount, as lower the total acidity. Based on these results, it is expected that Si-OH functional groups 

are responsible for the NH3 adsorption; however, the functionalization favors a basic character according to functionalized agent,61, 75, 

76 which modifies the trend of acidity. 

 

 
  

Figure 5. a) Hydrodynamic diameter, b) Surface area (SBET) and c) total surface acidity values of the synthesized nanoparticles 

 

RSi nanoparticles exhibit the highest BET surface area of 166 m2 g-1. However, the surface modification process decreases the 

superficial area in the order: RSi-TE< RSi-DE< RSi-U < RSi-EM, respectively. The decrease is described by the fact that the ligands 

occupy part of the surface of the RSi, reducing the effective surface area.45 Also, it is observed that this property increases with the 

decrease of the silica nanoparticle size. For this reason, nanoparticles with a smaller particle size (EM) have a larger surface area.77  

Interestingly, the results obtained show that the functionalizing agent can change the surface properties of the nanomaterials. The 

presence of the amines reduces the acidic character of the samples as well as reduces the surface area as is expected.44 Both properties 

are reduced with the increase of the N groups (amount of doping source). Interestingly, the total acidity modification follows the same 

trend that the surface area. These results agree well with those reported by Taborda et al.78 and Hurtado et al.79. This trend is observed 

for materials modified with nitrogen agents, which favor a basic character relating to changes in the nanoparticle active sites after 

H3O+ deposition.  

According to the results shown in Table 2. the total acidity trend of the samples is affected by: (i) the different amino types 

evaluated as a potential source of active sites on the surface of silica nanoparticles and (ii) the amine coating onto the samples. In this 

sense, regarding the source of basic sites, the trend of the samples follows the order RSi-EM > RSi-U > RSi-DE > RSi-TE. This trend 

could be explained due to a higher degree of substitution of alkyl groups by alkoxide groups in the synthesis of RSi-EM and RSi-U 

nanoparticles compared to RSi-DE and RSi-TE.77 

Moreover, the amine coating increased the basicity of the silica nanoparticles among all ligands used as surface modifying agents. 

The trend observed increased in the order 1 wt.% < 3 wt.% < 5 wt%, which could be due to the contribution of the basic amino groups 

present on the impregnated silica nanoparticles, the higher amount of the impregnated ratio dosage of amines increases the nitrogen 

content of the samples.80 

The RSi and amine-functionalized samples are characterized using FT-IR spectroscopy in the mid-infrared region ranging from 

450 cm-1 to 4500 cm-1. Figures S1-S4 shows the FT-IR spectra of RSi-DE, RSi-TE, RSi-EM, and RSi-U, respectively. The spectra of 

pure silica materials are also included for comparison to confirm the functionalization of the silica by the amino groups.  

The broad absorption band centered between 2580 cm-1 and 3460 cm-1 is due to the H-bonded silanol groups (Si-OH), and the peak 

at 1859 cm-1 is associated with the Si-O-Siovertones. The peak at 1618 cm-1 is due to the bending vibration of H-O-H, and the vibration 

mode at 478 cm-1 represents the Si-O bond. The small peaks at 1056 cm-1 and 808 cm-1 are associated with the symmetric and 

asymmetric bending and stretching vibration of Si-O-Si linkages.47, 81  
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The amine impregnated samples exhibit similar behavior with three bands at 1051 cm-1, 958 cm-1, and 798 cm-1 due to the bending 

vibration and the symmetric and asymmetric stretching vibration of Si-O-Si.82 The band observed at 1707 cm-1 is related to the water 

molecules adsorbed on the surface of the silica structure.83  

Specific differences were found in FTIR spectra for each doped phase. For RSi doped with diethylamine the peak centered at ~3435 

cm-1 attributed to -OH stretching and N-H stretching in DE became sharp. The peak band observed at 1625 cm-1 exhibit the 

characteristic absorption peak of secondary amines -N-(R)H.47 In contrast, triethylamine functionalized samples displayed wider bands 

at 2885 cm-1 and 2923 cm-1 associated with the symmetric and asymmetric stretching of -CH2-.The peaks at 1332 cm-1  and 1485 cm-1 

are the deformation swing absorption of the CH bond. The band at 1583 cm-1 originated from the rocking vibration absorption band of 

the NH, and the bands at 2958-3687 cm-1 are related to the stretching swing of NH.84, 85 

For ethylenediamine functionalized samples. the peaks observed at 1517 cm-1 and 1462 cm-1 are related to N-H2 vibration of the 

primary amine presence in RSi-EM impregnated samples. The bands observed at ~3367 cm-1 and 3321 cm-1 are related to the 

asymmetric and symmetric vibrations of NH2. The presence of weak bands at 1618 cm-1 indicated NH2 and NH3 bands in the EM 

impregnated samples.86   Finally, in urea systems, the typical vibrations attributed to the stretching and bending vibration of the N-H 

groups appeared at 1554 and 3325 cm-1. Moreover, the appearance of the absorption band at 1679 cm-1 is assigned to the amide C=O 

stretching of urea impregnated on the surface of RSi-U nanoparticles. 

XPS analysis provides information about the chemical composition and electronic structures of the elements present on a surface 

and in-depth and the results are summarized in Table 3. The XPS technique monitors the electron binding energy of elements within a 

few nanometers of the particle surfaces. The investigation of XPS for SiO2 and N-doped SiO2 samples was examined for three areas of 

the XPS spectrum, the Si2p region near 103 eV, the O1s region near 530 eV and the N1s region near 400 eV. A pair of Si2p peaks is 

located at 102.3 eV and 103.5 eV, corresponding to the Si-O-Si and Si-OH signals of silicon oxide.87 Each sample presents different 

percentages of both groups. The Si-OH concentration was higher than Si-O-Si group in all the samples. Comparing the N-source 

doping mass fraction, the Si-OH decreased by 1 wt.% > 3 wt.% < 5 wt.%. This result indicates that nitrogen is anchored mainly to 

hydroxyl groups of the SiO2 nanoparticles. Additionally, at a fixed doping mass fraction, the Si-OH groups were similar regarding the 

N-source, and that is, Si-OH groups were similar for TE, DE, U, and EM. Details of the results are summarized in Table 3. Similarly, 

from the O1s spectra of silica nanoparticles without N doped, the deconvoluted spectrum at 533.2 eV is from the SiO2. The Si/O ratio 

was similar for all samples (0.5), which agrees well with the silicon structure. However, an additional peak for N-doped SiO2 appears 

at 531.7 eV, which is associated with Si-O-N bonds.88  

The N1s spectrum exhibits two peaks at ∼399 eV and ∼401.6 eV for the systems doped with EM and U. The first peak accounts 

for species Si-((NH2)C2H4)2 and Si- ((NH2)CO)2 in RSi-EM and RSi-U, respectively. This BE assignment is consistent with the 

binding energies of primary/secondary amines (398.9 eV). The second peak is commonly associated with the datively bonded species. 

In the case of TE- and DE-doped SiO2, there is one peak close to 399 eV, which may correspond to contributions such as NHx, NOx, 

and NHOH. In the case of the TE and DE, the peak is associated with NHx structures.  

 

Table 3. Chemical surface composition of silica doped with different loads of N-sourced including Urea-U, Ethylenediamine-EM, 

Triethylamine-TE, and Diethylamine-DE, determined by XPS. 

Sample 
SiXPS OXPS NXPS Si-OH Si-O-Si Si-O-N NHx Si-NHx 

(%) (%) (%) (%) (%) (%) (%) (%) 

RSi 33.4 66.6 - 61.2 38.8 - - - 

RSiU1  33.80  66.1902  0.0098  58.6 41.4 4.5 88.4 11.6 

RSiU3  31.30  68.6688  0.0312  58.1 41.9 5.6 85.2 14.8 

RSiU5  32.90  67.0498  0.0502  57.3 42.7 8.2 80.4 19.6 

RSiDE1  33.50  66.4888  0.0112  60.5 39.5 3.3 100.0 - 

RSiDE3  33.30  66.6699  0.0301  60.2 39.8 4.5 100.0 - 

RSiDE5  33.20  66.749  0.0510  58.3 41.7 7.7 100.0 - 

RSiTE1  33.00  66.9901  0.0099  61.0 39.0 4.4 100 - 

RSiTE3  32.40  67.5702  0.0298  60.2 39.8 5.1 100 - 

RSiTE5  33.50  66.4504  0.0496  59.1 40.9 7.9 100 - 

RSiEM1  32.80  67.1897  0.0103  58.0 42.0 4.7 90.1 9.9 

RSiEM3  33.10  66.8706  0.0294  57.3 42.7 6.0 86.2 13.8 

RSiEM5  33.60  66.3497  0.0503  56.8 43.2 8.5 83.4 16.6 

 

CO2 sorption analysis 

CO2 sorption isotherms on RSi and doped RSi nanoparticles. RSi and doped RSi nanoparticles were tested as sorbents for 

constructing CO2 sorption isotherms. Figure 6 presents the experimental sorption profiles for RSi and doped silica nanomaterials at 25 

°C for pressures up to 3 MPa, and the fit with the Langmuir model. Sorption isotherms of CO2 obtained for all materials show a type I 
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behavior according to the IUPAC (International Union of Pure and Applied Chemistry) classification,89 where it is possible to observe 

the sorbed amount of CO2 increases as the absolute pressure increases. The CO2 uptake follows an increasing trend as pressure 

increases from 0 to 1.5 MPa and then, between 1.5 MPa and 3.0 MPa, the amount sorbed show a tendency towards stabilization. 

Overall, the affinity between silanol groups and CO2 molecules is high, which explains the sorption profile obtained.90 

RSi capture around 3 mmol CO2 per gram of the material at equilibrium pressure. Once RSi nanoparticles are coated with urea and 

amine groups, the CO2 adsorption amount at the equilibrium and affinity are increased by the presence of functional groups that 

strongly interact with CO2 and favor both the physical and chemical sorption processes.91, 92 

These results agree with the expected acid-base interactions between acidic CO2 gas molecules and doping agents. Tables S1 to S4 

show the Langmuir parameters for the sorption isotherms of RSi and the surface modifications with RSi-EM, RSi-DE, RSi-TE and 

RSi-U. Values of maxN  are in the range of 3.9 to 5.9 mmol CO2 per gram of RSi nanoparticles, increasing with the doped agents, 

being the best results for the case of EM3. In the same way, the concept of sorption energy related to Langmuir constant HK  has 

slight changes for each case having a trend of decrease as the sorption capacity of nanomaterials increases. 

 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 6. Sorption isotherms of CO2 at high pressure of RSi and different silica-doped agents. a) RSi-EM, b) RSi-DE, c) RSi-TE and 

d) RSi-U. The black lines are the Langmuir fit model, and the symbols are the experimental data. 

 

According to Figure 6, for amine-impregnated RSi samples, the sorption performance of RSi changes with the amount of amine and 

urea loading in terms of the number of amines per total weight of the material.93 The results obtained in the sorption isotherms are 

explained by the number of protons combined with nitrogen; therefore, the primary amine group presents the highest reaction rate 

towards CO2 than the secondary amine group and even lower for tertiary amines.44 This happens depending on the nature and structure 

of the amines, therefore, providing different affinities for an acid gas such as CO2.94 Among three ligands used, ethylenediamine 

presents an accessible N lone pair for interaction with CO2.95  
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CO2 sorption analysis on EM-functionalized RSi. Figure 6(a) shows the effect of 1-5 wt.% EM loading on pristine RSi for CO2 

sorption capacity. Among the RSi-EM-impregnated samples of this work, CO2 uptake of sample RSi-EM3 was found to be maximum 

(4.39 mmol g-1 at 25°C and 3 MPa) due to the presence of many amine functionalities as CO2 affinity sites. The further increase in the 

weight percent of EM (5 wt.%) decreases the CO2 capacity to 3.85 mmol g-1 at 25°C and 3 MPa. This result may suggest that the 5 

wt.% provokes lower dispersions on the silica surface, reducing its interactions with CO2.  

The result manifests that the amine group can enhance the interaction between CO2 and the silica for loadings close to 3 wt.%; 

however, for higher loadings (5 wt.%), the complete filling of pores by amine molecules and excessive coating of ethylenediamine 

over the silica surface will increase the diffusion resistance of CO2 molecules to active amine sites and decrease its sorption due to 

channel blocking.86 

Different mechanisms can govern the interaction of CO2 with ethylenediamine. The primary amine can react directly with CO2 to 

produce carbamates by forming zwitterionic intermediates.96 The mechanism for carbamate formation from the reaction of CO2 with a 

primary amine is depicted in Figure 7. The first step proceeds with the lone pair on the amine attacking the carbon from CO2 to form 

the zwitterion. The free base then deprotonates the zwitterion to form the carbamate.  

 

 

 
Figure 7. The mechanism for the reaction of CO2 with a primary amine. 

 

CO2 sorption analysis on DE-functionalized RSi. RSi was also functionalized with 1, 3, and 5 wt.% of DE to study the impact of 

secondary amine on CO2 sorption. CO2 sorption isotherms of RSi-DE at a temperature of 25°C and 0-3 MPa are shown in Figure 6(b) 

RSi-DE3 shows a maximum CO2 sorption capacity of 3.69 mmol g-1, which is lower than RSi-EM3 (4.39 mmol g-1).  

Considering Figure 6(b), the result shows a lower CO2 capture capacity and a decrease in initial CO2 uptake compared to RSi-EM3; 

the possible reason may be because of steric hindrance. Compared to the EM molecule, DE has a larger molecular structure where two 

alkyl groups are linked to the central "N" atom.97 Moreover, the pronounced effect of a steric hindrance has resulted in the decrease of 

CO2 sorption performance in the order of RSi-DE3>RSi-DE1>RSi-DE5. The sorption mechanism of CO2 on DE is depicted in Figure 

8.  

 

 
Figure 8. The mechanism for the reaction of CO2 with a secondary amine. 

 

The carbamate is a CO2-induced product of secondary amines with a neighboring amine. CO2 is bonded to secondary amines as a 

carbamic acid and converted to carbamate by adjacent amine.98 Although secondary amines are basic as primary amines and exhibit 

high reactivity to CO2. Steric hindrance reduces its ability to chemisorb to form a carbamate, resulting in freer amine for CO2 

sorption.99 

 

CO2 sorption analysis on TE-functionalized RSi. To study the effect of tertiary amine on RSi for CO2 sorption. RSi was 

functionalized with 1-3 wt.% triethylamine (TE). CO2 sorption isotherms of RSi-TE at a temperature of 25°C and up to 3 MPa is 



 O. E. Medina, L. J. Giraldo, F. B. Cortés, and C. A. Franco. ACIPET 

 

shown in Figure 6(c) RSi-TE3 shows a maximum CO2 sorption capacity of 3.65 mmol g-1, which is lower than both RSi-EM3 and 

RSi-DE3, but slightly higher than that observed using pristine RSi. 

Three alkyl groups could explain the lower CO2 sorption on the central "N" atom, resulting in steric hindrance for interaction with 

CO2 molecules.97 This steric hindrance effect phenomenon causes a CO2 molecule to be sorbed by one amino group in the middle of a 

molecular chain, causing difficulty for other amino groups to approach CO2 molecules.100 It also could be explained because tertiary 

amine groups cannot offer free protons to react with CO2. These results imply that the type and structure of amine molecules strongly 

influence the CO2 sorption capacity of the amine functionalized RSi sorbent. 

For a tertiary amine, such as triethylamine, instead of reacting with CO2, the reaction mechanism could be due to electrostatic 

attraction and Van der Walls forces, or tertiary amines could catalyze the formation of bicarbonate through a different mechanism.101 

Figure 9 shows the mechanism involving the base-catalyzed hydration of CO2. 102, 103 In the first step, the tertiary amine dissociates 

H2O to form a quaternary cationic species and OH-. Hydroxide ion then attacks CO2 to form the bicarbonate anion. The last step is the 

ionic association of the protonated amine and bicarbonate. 

 

 

 
Figure 9. The mechanism for the reaction of CO2 with a tertiary amine. 

 

CO2 sorption analysis on U-functionalized RSi. Figure 6(d) shows that the CO2 uptake on RSi-U3 is the highest (i.e.,3.8 mmol g-1), 

that on RSi-U5 is the second (i.e.,3.6 mmol g-1), and that on RSi-U1 is the lowest (i.e.,3.4 mmol g-1). Urea is characterized by the 

presence of a carboxylic group in its chemical structure. As a result, the urea's basicity is lower than the basicity of the 

ethylenediamine, leading to a lower uptake of CO2. 

The formation mechanism between urea and silica nanoparticles by non-covalent interaction is given in Figure 10. The dashed 

lines represent the hydrogen bonds between silica and urea. A urea layer can be formed on the particle surface of silica due to the 

hydrogen bond interaction between the amino group of urea and hydroxyl groups on silica. 104 

 

 
Figure 10. The formation mechanism of urea-modified silica nanoparticles 

 

CO2 can act as a Lewis acid and interact with electron donors through partial charge transfer to the carbon atom. Urea-functionalized 

silica nanoparticles containing carbonyl and amine groups are considered potential electron donors (Lewis's base) due to the lone pair 

electrons on the oxygen atoms.105 Therefore, the interaction between  CO2 and the RSi-U is due to Lewis acid- Lewis base interaction. 
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CO2 is chemisorbed at the primary (NH2) and the secondary (NH) amine functions in urea. The free -NH2 could serve as a Lewis basic 

site. 

The individual CO2 sorption capacity of nanoparticles increased in the order RSi-TE<RSi-DE<RSi-U<RSi-EM. The uptake CO2 

amount is higher for the primary amine, with a difference of 0.71 mmol g-1 (at 25°C) reached at the maximum pressure (3.0 MPa). 

Some properties were higher in the RSi doped with EM, like the total acidity, the surface area, the content of Si-O-N, NHx, or Si-NHx 

groups, and the total nitrogen content normalized by the surface area of the nanoparticles. Some of these properties are correlated with 

the CO2 sorption capacity of the nanoparticles and are shown in Figure 11. For example, the lower the total acidity, the greater  

functional groups are expected to be exposed to form specific ligands (Si-O-N), which favors the sorption process.77 This result also 

agrees with the CO2 reaction mechanisms presented above, the steric hindrance associated with the alkyl linked to the central N atom 

in both RSi-DE and RSi-TE. 

 

  

 
Figure 11. CO2 sorption as a function of a) nitrogen content normalized by surface area, total acidity, and Si-O-N content of 

synthesized RSi nanoparticles. 

 

On the other hand, although there are two amino groups in EM and U chemical structures, these groups are joined by a carbonyl 

(C=O) functional group in the U samples, reducing their reactivity compared to EM`s amino groups connecting to a hydrocarbon 

chain. Hence, the CO2 sorption capacity decreases the sorption capacity: RSi-TE<RSi-DE<RSi-U<RSi-EM. Also, while comparing 

the effect of amine loading on all surface modifiers, the addition of 1, 3, and 5 wt.% amine to silica nanoparticles leads to an increase 

in the average CO2 sorption capacity; however, a further increase in the amine loading to 5 wt.% will cause steric hindrance and 

agglomeration of particles, which have a negative impact on the diffusion of CO2 reducing the CO2 sorption capacity due to blockage 

of the porous structure (i.e., 5 wt.% < 1 wt.% < 3 wt.%).46, 106  Therefore, the CO2 maximum sorption capacity was similarly obtained 

for all 3 wt.% N-source impregnated silica systems, increasing as RSi-TE3<RSi-DE3<RSi-U3<RSi-EM3. These systems presented 

the highest sorption performance and were evaluated for selective CO2 sorption from flue gas streams. 
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CO2 sorption from flue gas stream on CBM. Figure 12 presents the adsorption isotherms for CBM and doped CBM with 10 wt.% and 

20 wt.% of RSi at 50 °C for pressures up to 3.0 MPa for CO2 (panel a) and N2 (panel b) and the fit with the Langmuir model. The 

adsorption isotherm of CO2 on CBM and CBM-10RSi follows the Ib-type behavior concerning the IUPAC classification.63, 107 These 

types of isotherms are characterized by the increase of the adsorbed amount of CO2 as the absolute pressure increases. The CO2 

maximum adsorption amount on CBM was close to 0.05 mmol g-1. Once the system is doped with 10 and 20 wt.% of silica, the 

adsorption amount at the highest pressure increases to 0.53 and 0.56 mmol g-1, respectively. This increase represents more than a 

1000% improvement in the adsorption properties of the CBM for both impregnations. The weak interactions between CBM and CO2 

could be associated with the high content of inorganic carbon on CBM. Busch et al.108 confirmed that that organic matter controls the 

CO2 storage capacity on CBM, and the inorganic carbon accommodates a small additional CO2 sorption capacity At pressures higher 

than 0.2 MPa, the amount adsorbed increases gradually. The Henry region is found for pressures < 0.2 MPa, showing a higher affinity 

for the CO2 in the doped system than virgin CBM. Meanwhile, the nitrogen adsorption is null regarding the CO2 adsorption for both 

systems. This behavior is typical for sieve samples where the materials do not have an affinity for nitrogen.  

 

 
a) 

 
b) 

Figure 12. Adsorption isotherms of a) CO2 and b) N2 at high pressure of CBM and CBM doped with 10 and 20 wt.% of silica 

nanoparticles (RSi). The dotted lines are the Langmuir fit model, and the symbols are the experimental data. 

 

Figures 13 and 14 show the CO2 (panel a) and N2 (panel b) sorption isotherms over the CBM impregnated with 10 wt.% and 20 

wt.% of the best systems obtained in the previous section, where individual CO2 sorption was evaluated. The selected systems are 

RSiEM3, RSiTE3, RSiDE3, and RSiU3. The evaluation of CO2 sorption in the flue gas streams indicates that the sorption capacity is 

considerably higher for the doped CBM than the sample without surface modification.  

From panel a, it is deduced that the CO2 sorption amount increased in the order CBM-10RSiTE3 < CBM-10RSiDE3 < CBM-

10RSiU3 < CBM-10RSiEM3, which agrees well with the discussion presented in the previous section. While the maximum amount of 

sorbed CO2 for CBM-10RSiEM3 was almost 0.72 mmol g-1, it was approximately 0.65 mmol g-1 for CBM-10RSiU3, 0.59 mmol g-1 

for CBM-10RSiDE3, 0.53 mmol g-1 for CBM-10RSiTE3, and 0.46 mmol g-1 for CBM-10RSi which were all achieved at the 

maximum pressure (3.0 MPa). The EM system presents two amino groups in its chemical structure, similarly to U, whereas TE and 

DE only give one amino group, which directly affects the interactions with CO2. Additionally, in urea, the amino groups are joined to 

C=O groups, reducing their effectiveness for CO2 interactions regarding EM structures. 

However, regarding CBM, all the systems enhance the sorption capacity. This can be explained by the nanoparticle coming from a 

biomass by-product precursor in which other components may interact with CO2 molecules and/or geological media.73, 109 Moreover, 

this effect could be related to the CO2 quadrupole moment, which allows CO2–CO2 interaction at high-pressure conditions and surface 

interactions.6 Moreover, it should be remarked that the CO2 sorption capacities reported in the present work are competitive and, in 

some cases, superior to those found in the literature, including materials with a more complex synthesis process or more stages.26, 110-

112 Similar to the SS, the nitrogen sorption is null regarding the CO2 sorption for all systems evaluated, highlighting the selectivity of 

the synthesized materials for CO2 sorption in flue gas currents. Parameters of Langmuir model are showed in Tables S5 to S8 where is 

observed a trend according to increase of sorption capacity of each sample. Values of maxN  increasing with the best doped agent EM 

at dosage of 3%. Besides, the Langmuir constant HK  related to sorption energy show a slight change following a trend of decrease as 

the sorption capacity of nanomaterials increase. RSME% values maintain less than 10% being evidence of the good fitting between 

experimental data and theoretical model. 
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 a) b) 

Figure 13. Sorption isotherms of a) CO2 and b) N2 at high pressure of CBM and CBM doped with 10 wt.% of silica nanoparticles 

functionalized with 3 wt.% of the different N-sources (Urea-U, Ethylenediamine-EM, Triethylamine-TE, and Diethylamine-DE). The 

dotted lines are the Langmuir fit model and the symbols are the experimental data. 

 

Figure 14 shows the results for CBM impregnated with 20 wt.% of nanoparticles. Panel a shows CO2 sorption isotherms and panel 

b N2 sorption isotherm. From panel a, it is deduced that the CO2 sorption amount increased in the same order than the obtained for 10 

wt.%. However, the sorption amount increased once the systems are doped with 20 wt.% regarding 10 wt.%. The maximum amount of 

sorbed CO2 for CBM-20RSiEM3, CBM-20RSiU3, CBM-20RSiDE3, CBM-20RSiTE3, and CBM-20RSi was around 0.75 mmol g-1, 

0.68 mmol g-1, 0.63 mmol g-1, 0.61 mmol g-1, and 0.56 mmol g-1, respectively. 

 

 
a) 

 
b) 

Figure 14. Sorption isotherms of a) CO2 and b) N2 at high pressure of CBM and CBM doped with 20 wt.% of silica nanoparticles 

functionalized with 3 wt.% of the different N-sources (Urea-U, Ethylenediamine-EM, Triethylamine-TE, and Diethylamine-DE). The 

dotted lines are the Langmuir fit model and the symbols are the experimental data. 

 

Conclusions  
 

This work aimed to assess the potential of carbon sequestration in shallow CBM reservoirs based in nanoparticle inclusion by 

enhanced sorptive phenomena. To the best of our knowledge, this is the first study using amine-functionalized biomass-derived silica 

nanoparticles used as a modifying agent to improve the chemical-physical properties of geological media (CBM) to enhance the CO2 

selective sorption in a shallow reservoir in a carbon sorption and storage (CCS) process. The results showed that CO2 sorption on RSi 

increases with the N-group coating in the order RSi-DE < RSi-TE < RSi-U < RSi-EM. Although there are two amino groups in EM 

and U chemical structures, these groups are joined by a carbonyl (C=O) functional group in the U samples, reducing their reactivity 
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compared to EM`s amino groups connecting to a hydrocarbon chain. Similarly, the steric hindrance associated with the alkyl linked to 

the central N atom RSi-TE systems favors the greater number of functional groups exposed to form specific ligands that result in 

higher CO2 sorption. Also, while comparing the effect of amine loading on all surface modifiers, the addition of 1, 3, and 5 wt.% 

amine to silica nanoparticles leads to an increase in the average CO2 sorption capacity; however, a further increase in the amine 

loading to 5 wt.% will cause agglomeration of particles, which have a negative impact on the diffusion of CO2 reducing the CO2 

sorption capacity due to blockage of the porous structure. For CBM impregnation, the nanofluid containing 20 wt.% of RSi-EM3 

presented the best yield increasing the CO2 sorption from 0.05 to 0.75 mmol g-1, meaning an increase of more than 1000% in the 

sorption capacity. 

These biomass-derived silica nanomaterials synthesized by a simple process showed high CO2 selectivity and sorption capacity. The 

results suggest a competitive CO2 sorption performance compared to other nanomaterials reported in the literature. Therefore, this 

research opens an interesting line in the field of biomass-derived nanomaterials for application-enhanced carbon sorption and 

geological storage (e-CCS). 
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