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The study of CO2 adsorption on adsorbent materials is a current topic of research interest. Although in real operating circumstances, the removal conditions of this gas is carried out at temperatures between 290 and 303 K and 1 Bar of pressure or high pressures, it is useful, as a preliminary approach, to determine CO2 adsorption capacity at 273K and 1 Bar and perform a thermodynamic study of the CO2 adsorption heats on carbonaceous materials prepared by chemical activation from African palm shell with CaCl2 and H3PO4 solutions, later modified with HNO3 and NH4OH, with the aim to establish the influence that these treatments have on the textural and chemical properties of the activated carbons and their relationship with the CO2 adsorption capacity. The carbonaceous materials were characterized by physical adsorption of N2 at 77K, CO2 at 273K, proximate analysis, Boehm titrations and immersion calorimetry in water and benzene. Activated carbons had a BET area between 634 and 865 m2g−1, with a micropore volume between 0.25 and 0.34 cm3g−1. The experimental results indicated that the modification of activated carbon with HNO3 and NH4OH generated a decrease in the surface area and pore volume of the material, as well as an increase in surface groups that favored the adsorption of CO2, which was evidenced by an increase in the adsorption capacity and the heat of adsorption.
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INTRODUCTION

The quality of the air that is breathed in almost the entire planet is being significantly affected by atmospheric pollutants present in daily anthropic activities, to which the supply and use of fossil fuels contributes approximately to 80% of the emissions of Greenhouse gases such as: carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O). From all the gases that affect the environment, CO2 could be the one that shows the greatest threat to the planet due to its ability to keep solar radiation inside the atmosphere causing an increase in global temperature.

This gas comes from natural sources such as: forest fires, volcanic eruptions, fossilization processes and animal respiration, as well as anthropogenic sources such as: burning of waste, burning of fossil fuels for obtaining energy, among other human activities (Koytsoumpa et al., 2018; Hussin and Aroua, 2019; Mardani et al., 2019). In recent years, carbon dioxide emissions into the atmosphere have increased dangerously, in this sense the global average concentrations of CO2 reached 405.5 (ppm) in 2017, compared to 403.3 ppm in 2016 and 400.1 ppm in 2015 according to the World Meteorological Organization (WMO), this increase is directly related to the increase in the temperature of the planet which is a problem of global concern that threatens the sustainability of life on earth (Rubino et al., 2019; World Meteorological Organization (WMO), 2019). Different international organizations have determined, that in order to reduce the impact that this situation has on living beings, ecosystems and sustainable development, it is necessary that the global temperature rise keeps below 1.5°C, therefore, mechanisms that allow the reduction of carbon dioxide and other greenhouse gas emissions in all sectors of society are needed (Rubino et al., 2019; World Meteorological Organization (WMO), 2019). According to above, technological options for CO2 capture have been studied, such as: chemical absorption, cryogenic separation, use of separation membranes, carbonation-calcination cycles and adsorption (Yu et al., 2012; Wang et al., 2017; Borhani and Wang, 2019). All of these have advantages and disadvantages associated with side effects in their implementation, operational design and costs. However, adsorption has been positioned as a process of interest for the capture of greenhouse gases, due to its characteristics and versatility. Specifically, it has been shown that studies aimed at the preparation and use of activated carbon for CO2 removal have increased in recent years, because this adsorbent material has a developed porous structure, a varied surface chemistry, a wide surface area, specificity, among other features that can be adjusted according to the needs of the application. For this, the preparation conditions of activated carbons can be selected, such as: the activating agents and their concentrations, the carbonization temperatures among other parameters. Additionally, the porous solids obtained can be subjected to chemical modifications to increase their affinity for an adsorbate of interest (Saha and Kienbaum, 2019). As mentioned above, this research work was carried out with the aim of determining the CO2 adsorption capacity at 273K and 1 Bar and performing a thermodynamic study of the CO2 adsorption heats on carbonaceous materials that were chemically modified, and this solid was obtained by using African palm shell, which is an agricultural waste of large production in Colombia. The precursor was chemically activated using two chemical agents mixed at different concentrations: CaCl2 and H3PO4, subsequently carbonized and the porous material obtained was chemically modified with HNO3 and NH4OH in order to enrich the surface chemistry of the solid with functional groups that increase its interaction with the CO2 molecule. The materials were texturally and chemically characterized using the following techniques: physical adsorption of N2 at 77K, CO2 at 273K, proximate analysis, Boehm titrations and immersion calorimetry in water and benzene. Finally, CO2 adsorption calorimetry was performed to determine energy aspects of the process.



MATERIALS AND METHODS


Granular Activated Carbon Preparation

Granular activated carbon was prepared using as lignocellulosic precursor of African palm shell, an agricultural waste that is generated in Colombia as part of the productive chain of oil extraction. This material was washed, dried and led to a particle size between 3 and 4 mm; then, 50 g of the material were impregnated in 100 mL of a solution of CaCl2 (2%) and H3PO4 (32%) at a temperature of 358 K for 6 h (Nakagawa et al., 2007; Juárez-Galán et al., 2009), subsequently, the furnace temperature was increased to 393 K to dry the sample during an interval of 5 h. Subsequently, the carbonization process was carried out in a horizontal Carbolite furnace, at a temperature of 3 K min−1 with a CO2 flow of 100 mLmin−1 until reaching 1,073 K for 6 h, then it was changed to N2 flow and the temperature was decreased to 873 K, remaining constant for 2 h. Finally, the material obtained in the procedure described was labeled as GAC and it was subjected to a washing process with a solution of 0.01M HCl and hot distilled water until neutral pH.



GAC Chemical Modification

The activated carbon called GAC, was divided into 2 equal parts and each part was subjected to different treatments.


Modification With Nitric Acid

Activated carbon (GAC) was put into contact with 100 mL of 6M HNO3 solution for 6 h at boiling temperature (Noh and Schwarz, 1990; Daud and Houshamnd, 2010). It was then filtered, washed with distilled water and finally dried at 373 K for 6 h. The resulting material was named as: GACO.



Modification With Ammonium Aqueous

Activated carbon (GAC) was put into contact with 100 mL of concentrated NH4OH at 353 K under reflux for 24 h (Plaza et al., 2011). It was then filtered, washed with distilled water and finally dried at 373 K for 6 h. The resulting material was named as: GACA.




Characterization of Carbonaceous Materials

Activated carbons were texturally and chemically characterized by the experimental techniques listed below (Table 1) (Stoeckli and Centeno, 1997; Moreno and Giraldo, 2000; Silvestre-Albero et al., 2001; Thommes and Cychosz, 2014; Thommes et al., 2015; Alves et al., 2016).


Table 1. Techniques used in the characterization of activated carbons.
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CO2 Adsorption at 273 K and 1 Bar

To determine the adsorption isotherms of CO2 at 273 K and 1 Bar, a commercial semi-automatic sortometer Autosorb IQ2 (Quantachrome Instruments) was used, simultaneously a calorimeter coupled to the sortometer was used to measure the energy changes involved in each point of the isotherm, 100 mg of activated carbon were used, the samples were degassed at 423 K for 24 h, until the system reached a pressure between 10−5 and 10−6 Bar Simultaneously, the calorimetric signal was allowed to stabilize and injections of the adsorbate were carried out, waiting for the time necessary to reach the equilibrium between the system components, so the volumes of gas adsorbed and the heat involved in each injection were simultaneously recorded.




RESULTS AND DISCUSSION


Textural Characteristics

The nitrogen adsorption isotherms are presented in Figure 1, it can be seen that the experimental impregnation and carbonization conditions used allowed obtaining micro-mesoporous solids, represented by type IV isotherms with H4 hysteresis loops, which are characterized by not presenting a steep slope in the adsorption branch at high pressures, which generates a small loop and almost horizontal adsorption-desorption branches, the H4 loop is the adsorption branch resulting of a combination of I and II isotherms types, showing a pronounced uptake at low p/p0 being associated with the filling of micropores. H4 loops are often found in micro-mesoporous carbons, according to the IUPAC Technical Report classification in 2015 and other authors (Thommes and Cychosz, 2014; Thommes et al., 2015).


[image: Figure 1]
FIGURE 1. N2 adsorption isotherms at 77K for prepared samples.


The apparent surface areas were calculated from the BET equation, the micropore volume Vo (N2) and the narrow microporosity volume Vn (CO2) (Pores <0.7 nm), were obtained by applying the Dubinin equation -Radushkevich to nitrogen adsorption data (Liquid N2 density = 0.808 g cm−3) and carbon dioxide adsorption data (Liquid CO2 density = 1.023 g/cm−3), respectively. The total pore volume Vt was calculated from the adsorbed volume at a relative pressure of 0.99, and the mesopore volume by difference. Usually, in the case of activated carbons, the linearity interval of the representation of the BET equation is limited to the relative pressures between 0.05 and 0.35 [25-26], but with the aim of reducing any subjectivity in evaluating monolayer capacity the procedure proposed by Rouquerol et al. (2007) and ratified by IUPAC Technical Report in 2015 was used to determine the range of relative pressures, this is based on the following criteria: (1) the quantity C should be positive (i.e., a negative intercept on the ordinate of the BET plot is the first indication that it is not the appropriate range); (2) application of the BET equation should be restricted to the range where the term n(1–p/p0) continuously increases with p/p0; (3) the p/p0 value corresponding to nm should be within the selected BET range.

Table 2 shows the textural parameters of activated carbons, it is observed that the BET area for porous solids is between 634 and 875 m2g−1 and the micropore volume is between 0.25 and 0.34 cm3g−1. The data of the textural parameters are comparable with those reported for activated carbons obtained from lignocellulosic residues with areas between 150 and 2,700 m2g−1 and pore volumes between 0.042 and 1.6 cm3g−1 (Jagtoyen et al., 1993; Molina-Sabio et al., 1996; Nakagawa et al., 2007; Juárez-Galán et al., 2009; Zuo et al., 2009). In Figure 1 and Table 2, the incidence of chemical treatments performed on the textural characteristics of the adsorbent material can be observed, it is evident that there was a decrease in the apparent surface area and the pore volume in the chemically modified carbon, this behavior can be explained taking into account that oxidation with HNO3 generates the reaction of this agent with the carbon atoms that there are in the openings of the pores or on the edges of the graphene layers of the carbonaceous material, giving rise to the formation of surface oxygenated groups that are located at the edges of the pore openings (Noh and Schwarz, 1990; Figueiredo et al., 1999; Figueiredo and Pereira, 2010), these mentioned facts generate a blockage in the porous structure of the material and it limits the access of the nitrogen molecule to the porous network, which generates a decrease in the BET area by 9.0 % and the pore volume by 5.9%, as seen in this work. Additionally, treatment with HNO3 can lead to a collapse in the carbonaceous structure, which results in a widening of the porosity, and therefore in an increase in the volume of mesopores (Noh and Schwarz, 1990; Figueiredo et al., 1999; Figueiredo and Pereira, 2010) as it can be evidenced in Table 2 in the GACO sample.


Table 2. Textural parameters for carbonaceous materials obtained from the N2 adsorption isotherms at 77 K.
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Concerning the modification of the granular activated carbon with NH4OH, similarly, a smaller BET area and pore volume in the GACA material were evidenced, in relation to the non-chemically modified carbonaceous material (GAC). This fact is attributed to the obstruction caused by the new surface groups generated in the carbonaceous structure. Similar researching has shown that the reaction of carbonaceous materials with NH4OH develops groups such as amines, amides, nitriles, among others, at the edges of the graphene layers which block existing pores, reducing the surface area and pore volume (Plaza et al., 2007; Shafeeyan et al., 2011). In this work this decrease was of 26.7% and 26.5%, respectively. The results obtained also allowed establishing that the modification of the activated carbon (GAC) with NH4OH causes a greater effect on the textural parameters of the material, in comparison to the use of HNO3 in the process.



Chemical Characteristics

Table 3 shows the results of the elemental analysis performed for the carbonaceous materials. It is important to clarify that the inorganic content of the solid, was included in the oxygen percentage, due to it was not performed an additional analysis of the composition of the samples. A decrease in carbon and hydrogen content is observed in the modified samples in regards to the non-chemically treated material, which is directly related to the chemical attack produced by the agents used for the modification in the carbonaceous structure; in this sense, different authors have previously reported that the treatment of activated carbon with HNO3, generates a decrease in the content of fixed carbon and hydrogen in the material as a result of the increase in volatile matter, due to the fact that it can generate the formation of humic substances (Figueiredo et al., 1999; Plaza et al., 2007; Zuo et al., 2009; Figueiredo and Pereira, 2010; Shafeeyan et al., 2011), on the other hand, the treatment of activated carbons with NH4OH, gives rise to the formation of volatile substances, for example in the reaction with ammonia, ether like oxygen surface groups are easily replaced by –NH– on the carbon surface that through dehydrogenation reaction could readily lead to imine and pyridine functionalities, this fact can to explain the decrease of carbon and hydrogen content in the materials (Saleh et al., 2010; Heidari et al., 2014). It is also observed that the reaction of the GAC sample with HNO3 generated an increase in the oxygen content of the material due to the oxidation of the surface, and the appearance of nitrogen, which could be added to the surface of the carbon through a similar reaction to the one of the benzene nitration, in which the mechanism involves the formation of the highly reactive ion, nitronium ([image: image]), which can form a nitrated product that is attached to the carbonaceous structure (Figueiredo et al., 1999; Zuo et al., 2009; Figueiredo and Pereira, 2010). In the case of treatment with NH4OH, it is important to highlight that this not only generates a higher nitrogen content on the surface of activated carbon, but it also increases the oxygen content, which has a direct effect on the CO2 adsorption capacity of the material, as it will be seen later.


Table 3. Results of the elemental analysis of carbonaceous materials.
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Table 4 presents the surface groups content of carbonaceous materials, total acidity, total basicity and pHpzc. In order to determine the quantity and types of oxygenated groups located on the carbonaceous materials surface samples were immersed in NaOH, HCl, Na2CO3, and NaHCO3 0.1M solutions. The most commonly used bases are NaHCO3 (pKa = 6.37), Na2CO3 (pKa = 10.25), and NaOH (pKa = 15.74). According to Boehm, the carboxylic groups are only titrated by NaHCO3, the difference between the acidity valued by NaHCO3 and Na2CO3 corresponds to the lactone content, and the phenolic groups and carbonyl groups are obtained from the difference between the acidity registered with NaOH and Na2CO3. Finally, hydrochloric acid gives an estimate of the total basicity of the material and NaOH gives an estimate of the total acidity of the material (Boehm, 2002). It is observed that the GACO sample has a higher content of carboxylic, lactonic, and phenolic groups with respect to the starting material, due to this the nature of the surface is acidic with a pHpzc of 6.2, it is evident that the oxidation treatment with HNO3 genearates the formation of acidic functional groups on the surface of activated carbon, this fact was explained previously and agrees with the results obtained in the elemental analysis carried out on the material. Some of the mechanisms by which oxygenated surface groups are formed as a result of nitric acid treatment have been reported by Chingombe et al. (2005) (Figure 2).


Table 4. Oxygenated surface groups content determined by the Boehm method, and the pH at the point of zero charge for the carbonaceous materials.
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FIGURE 2. Effect of HNO3 treatment on the surface of an activated carbon (Chingombe et al., 2005).


From the results it is possible to establish that the modification of the activated carbon with HNO3 doubled the acidity of the original material, a fact that is directly related to the appearance of oxygenated acidic superficial groups such as carboxylic acids (Noh and Schwarz, 1990; Figueiredo et al., 1999; Zuo et al., 2009; Figueiredo and Pereira, 2010; Saha and Kienbaum, 2019). In the treatment of activated carbon with ammonium hydroxide, it is observed that the content of carboxylic, lactonic and phenolic groups was reduced, due to the reaction of these with ammonia to produce nitrogenous compounds and increase the basic character of the surface of activated carbon as it is evidenced in the increase in pHPZC to 8.4 in the GACA sample. Moreover, it is possible to observe that the treatment with NH4OH generated a decrease in the acidity of the porous solid GAC and a four-fold increase in its basicity, which can be related to the incorporation of nitrogen in the carbonaceous structure and in general of electron-donating groups, together with π electrons delocalized, which increase the electron density of the graphene layers (Saha and Kienbaum, 2019).

Figure 3 shows FTIR spectra of carbonaceous materials where it is possible to distinguish three bands of interest: in all samples are observed out-of-plane aromatic C–H vibrations (890, 820, 760 cm−1), likewise a band of different intensity located between 900 and 1,500 cm−1, as it has been discussed in similar studies (Meldrum and Rochester, 1990; Dandekar et al., 1998) in this region it is difficult to assign bands with certainty since there is overlap of the C-O stretch of different surface groups, in this sense, assignments have been made to C-O vibrations in esters (1,100–1,250cm−1), carboxylic acids and cyclic anhydrides (1,180–1,300 cm−1), lactones (1,160–1,370 cm−1), ethers (942–1,300 cm−1), cyclic ethers (1,140 cm−1), phenolic groups (1,180–1,220 cm−1), and epoxides (1,220 cm−1) (Meldrum and Rochester, 1990; Dandekar et al., 1998), with the oxidation process in the GACO sample is observed a slight increase in the intensity and width of this band in comparison to the CAG sample, which can be associated to the increase of oxygenated groups on the carbon surface. With regard to GACA sample is observed that the intensity of the peak decreases in comparison with CAG sample and this behavior is an evidence of the consumption of the oxygenated groups in the reaction with NH4OH, ratifying the results obtained by Boehm titrations. Likewise there is a peak around 1,600 cm−1, which is characteristic of carbonaceous materials, it can be attributed to polyaromatic C= C vibration in carbons with sp2 hybridization, other relevant vibrations can observed to this wavelength include carboxyl -carbonates (1,590 cm−1), quinones and hydroxyquinones (1,550–1,675 cm−1), and asymmetric stretches of carboxylate anions between 1,525 and 1,623 cm−1, the third peak located between 3,100 and 3,700 cm−1 is characteristic of the vibration of the -OH stretch of hydroxyl, carboxylic and phenolic groups (Meldrum and Rochester, 1990; Dandekar et al., 1998), in this region a significant increase in the intensity of the peak is observed with the oxidation of the activated carbon (sample GACO) and a decrease in the signal after the reaction of the solid with NH4OH (sample GACA), which shows the modification of the surface chemistry of the starting solid (GAC sample) with the treatments that it was subjected.


[image: Figure 3]
FIGURE 3. FTIR spectra for carbonaceous materials.




Immersion Calorimetry

Immersion calorimetry is an experimental technique that allows a quantification of the energy change associated to the interaction of a solid with a liquid in which it is submerged and in which the solid is insoluble and they do not react at a constant temperature and pressure. This technique is very useful in the characterization of adsorbent materials, due to the changes in the enthalpy of immersion are directly associated with variations in the surface area, the chemical surface and the microporosity of the porous materials, in this sense, its versatility has been evidenced in several studies, when wetting liquids with different chemical characteristics are used (Stoeckli and Centeno, 1997; Moreno and Giraldo, 2000; Silvestre-Albero et al., 2001).

In Figure 4A the thermogram of the immersion of the activated carbon in benzene is shown, this non-polar molecule does not chemically interact with the solid, the molecules of this liquid enter the carbonaceous structure, accessing the porosity and forming a layer on the solid and therefore the energy associated with the interaction process is directly related to the available surface area in porous materials (Acevedo et al., 2015). On the other hand, in Figure 4B, it can be observed that water due to it polar nature interacts mainly with the oxygenated surface groups located at the polar sites at the edges of the graphene layers, because it allows to evaluate the polarity and hydrophobicity of the surface of a solid. Consequently, the magnitude of the immersion peaks observed in Figures 4A,B is directly related to the values of the enthalpies obtained and therefore with the surface areas, the polarity and hydrophobicity of the activated carbon prepared during the study. Thus, it can be seen that the GAC material has the highest immersion peak in benzene (Figure 4A) and, accordingly, it is the porous solid that has the largest BET surface area, as shown in Table 2, in the same way its relation is evidenced in the GACO and GACA materials.


[image: Figure 4]
FIGURE 4. (A) thermogram of the immersion of samples in benzene, (B) thermogram of the immersion of samples in water.


Table 5 shows the enthalpies of immersion in benzene and water and the hydrophobic factor that is calculated as the ratio between the immersion enthalpy of samples in benzene and the immersion enthalpy in water. All the enthalpies of immersion in benzene and water are exothermic, in relation to the superficial process that takes place between the solid and the liquid.


Table 5. Immersion enthalpies in benzene and water for carbonaceous materials.

[image: Table 5]

The enthalpies in benzene, for the set of solids obtained, are between −75 and −108 J g−1 and in water they are between −48 and −68 J g−1. The results show that the enthalpies of immersion in benzene correlate with the BET surface areas (Table 2) of the activated carbons, obtaining a higher enthalpy for the GAC material whose area is the largest of the three solids and the lowest enthalpy value for the GACA sample whose area is the smallest, which is consistent since the greater the surface area is there is greater access to the benzene molecule. In regards to the hydrophobic factor, it is observed that the treatments to which the GAC activated carbon was subjected generated a decrease in the hydrophobicity of the material, due to the fact that its chemical surface was enriched by oxygenated and nitrogenous groups which interact with the molecules of water increasing the affinity of activated carbon with water. In this sense, it is determined that the magnitude of the immersion enthalpy of the three samples in water, correlate with the acidity of the material, as a result, an increase in this parameter with the acidity of the solids is found, as it has been shown in other studies (Stoeckli and Centeno, 1997; Silvestre-Albero et al., 2001; Acevedo et al., 2015).



CO2 Adsorption

Figure 5 shows the CO2 adsorption isotherms at 273 K and 1 Bar that were obtained for carbonaceous materials, the isotherms obtained are Type I according to the IUPAC classification. It can be seen that the treatments with HNO3 and NH4OH generated an increase in the CO2 adsorption capacity of the carbon, which can be associated with the chemical enrichment of the surface with surface groups that favor the affinity of the solid and the adsorbate.


[image: Figure 5]
FIGURE 5. CO2 adsorption isotherms at 273K and 1 Bar for prepared samples.


The energy study of the adsorption processes is important to establish the magnitude of the interaction between adsorbate and adsorbent. In order to obtain information about CO2 adsorption in the prepared activated carbon, a direct measurement of the heat of adsorption generated at each point of the gas isotherm at 273K and 1 Bar was performed using the adsorption calorimetry, these measurements provide information about the energetic heterogeneity of an adsorbent in the adsorption.

Figure 6 shows the differential heat of adsorption regarding the adsorbed amount of gas and the coverage, it is observed that the samples follow the next increasing order of heat of adsorption in the entire coverage range (O) GAC < GACO < GACA, which is directly related to the CO2 adsorption capacities of these materials, taking into account that the adsorption of gas on samples increased in the same order. For all of the three samples it is evident that at an adsorbed amount or coverage close to zero, the heat of adsorption has the highest values of the entire range, this heat is associated with the presence of strong interactions between the CO2 molecule and the narrow micropore walls, it is also related to the fact that the highest energy sites are filled at low coverage. Additionally, in the case of the GACO and GACA samples, the magnitude of the interaction increases due to the incorporation of oxygenated and nitrogenous groups on the carbonaceous surface which, at the same time, favors the affinity of the solid, in addition it increases molecular interactions between the adsorbed CO2, which means a greater heat of adsorption than that coverage (Maia et al., 2018). Subsequently it is observed that the adsorption heat significantly decreased to a coverage of 0.58 for the three samples, which evidences the occupation of adsorption sites in the materials, then between a coverage of 0.58 to 0.75 a is observed a maximum peak in the heat of adsorption, this behavior has been associated with adsorbate-adsorbate interactions that are responsible for the energy maxima at quantities between 0.60 and 0.80 (Rouquerol et al., 1999). From the above-mentioned coverings, the heats of adsorption decrease to almost constant levels, which is probably due to the occupation of low potential adsorption sites that were previously occupied at O> 0.85. In general terms, it is evident that the magnitude of the initial adsorption enthalpy in the three materials is closely related to the high-energy filling of pores of the microporous region present in the solids, followed by an energy drop corresponding to the filling of the larger pores. Additionally, it is important to highlight that the obtained enthalpy values do not exceed 50 kJmol−1, which indicates that a process of physical adsorption of CO2 is carried out in solids.


[image: Figure 6]
FIGURE 6. Differential heat of adsorption of CO2 for the prepared samples.


Figure 7 shows the relationship between the CO2 adsorption capacity in regards to the enthalpy of adsorption of CO2 and the enthalpy of immersion of the carbonaceous materials in benzene. It is observed that at a higher CO2 adsorption capacity there is an increase in the enthalpy value of this gas, which is consistent since there is a greater interaction between the adsorbate and the adsorbent. Besides, it is possible to appreciate the increase in the CO2 adsorption capacity of the activated carbon as the immersion enthalpy in benzene decreases, in order to analyze this behavior, it is important to highlight that immersion in benzene enthalpy is directly related to the accessible surface area of activated carbon, which means that, the greater the enthalpy value, the greater the surface area of the materials; in this sense, Figure 7 illustrates that the removal of the gas does not depend on the accessible area of the carbonaceous materials, instead, it is related to the chemical nature of the surface and to energy aspects of interaction.


[image: Figure 7]
FIGURE 7. Relationship between the CO2 adsorption capacity of activated carbon, enthalpy of adsorption of CO2 and enthalpy of immersion in benzene.


In order to establish which characteristics of the porous solids determine the adsorption of CO2, Figure 8 was plotted in order to show the relationship between the CO2 adsorption capacity of activated carbons, the enthalpy of immersion in H2O and the total basicity of solids. The tendency to increase the CO2 adsorption capacity of the materials is evidenced as the total basicity of these increases, which is consistent with the chemical nature of the gas, since it behaves as a Lewis acid. Concerning the enthalpy in water and CO2 adsorption, an initial increase in calorimetric data and then a decrease is shown, this can be associated with the fact that the quantification of the total basicity of an activated carbon is complex, taking into account that not only the functional groups determine the mentioned parameter but also the delocalized electrons present in the graphene layers influence the process (Stoeckli and Centeno, 1997; Figueiredo et al., 1999) therefore, the enthalpy of immersion in water does not keep a clear correlation with the basicity.


[image: Figure 8]
FIGURE 8. Relationship between the CO2 adsorption capacity of activated carbon with the enthalpy of immersion in H2O and the total basicity of solids.


Table 6 shows the CO2 adsorption capacities of activated carbons prepared in this work, the range of this parameter is from 205 to 333 mg g−1, these data are satisfactory, considering the fact that in other studies the adsorbed amounts have been between 43 and 400 mg g−1 in adsorbent materials such as: zeolites, carbon fibers, MOF and activated carbon (Plaza et al., 2010, Carruthers et al., 2012; Cho et al., 2012; Sevilla and Fuertes, 2012; Wahby et al., 2012; Yang et al., 2012; An et al., 2013; Liu et al., 2013; Jang et al., 2018; Querejeta et al., 2018). Taking into account the CO2 adsorption capacities of the prepared activated carbon, it can be affirmed that the modifications made with HNO3 and NH4OH were effective since they generated an increase of up to 61.56% in the adsorbed amount of this gas on the carbonaceous materials, This increase is associated with the incorporation of nitrogen groups that act as electron donors and carboxylic groups that are capable of establishing Lewis acid-base interactions with the CO2 molecule, because these groups not only have a carbonyl group that can act as a Lewis base toward the carbon atom (Lewis acid) of the molecule, but also has an acidic proton that can act as a Lewis acid toward the oxygen atom (Lewis bases) of the CO2 molecule (Bell et al., 2003).


Table 6. CO2 adsorption capacity (mgCO2g−1) at 273K and 1 bar for the samples.
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CONCLUSIONS

The methodology used to prepare activated carbons allowed obtaining micro-mesoporous carbonaceous materials, with BET surface areas between 634 and 865 m2g−1 and pore volumes between 0.25 and 0.34 cm3g−1. It was evidenced that the solids presented textural and chemical characteristics useful for the removal of CO2 at 273 K and 1 Bar, achieving an adsorption capacity of this gas between 205 and 333 mgCO2 g−1carbon, which was satisfactory when it was compared with other porous solids prepared in other investigations.

The experimental results showed that the adsorption of CO2 in the carbonaceous materials was not related to the textural characteristics of the solids such as the BET surface area and the pore volume but depended on the chemical surface of the activated carbons, since this determined the interaction of the surface with the gas molecule. In this sense, by increasing the oxygenated and nitrogenous groups on the surface of the activated carbons, it was possible to increase the affinity of the solid for the CO2 molecule which had acidic characteristics, and therefore the electron-donating groups favored its adsorption.

The energy characterization of the CO2 adsorption process, allowed establishing that the enthalpy values associated with the process of the surface covering of the solid by the gas did not exceed 50 kJmol−1, which reflected that the adsorption that was carried out in the carbonaceous materials studied before was of a physical nature. These results were important since they showed that although carbon was modified to enrich the superficial chemical with groups that increased the interaction of the surface of the solids with the CO2 molecule, these interactions were not a strong feature of the order of the chemical bond, which would facilitate their subsequent regeneration.



DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to the corresponding author.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



ACKNOWLEDGMENTS

The authors thank the framework agreement between the Universidad Del Tolima (Ibague, Colombia), Universidad Nacional de Colombia and Universidad de los Andes (Bogotá, Colombia) under which this work was carried out. The JM-P also appreciate the grant for the funding of research programs for Associate Professors, Full Professors and Emeritus Professors announced by the Faculty of Sciences of the Universidad de los Andes (Colombia), 01-20-2020, 20-01-2022, according to the project INV-2019-84-1786.



REFERENCES

 Acevedo, S., Giraldo, L., and Moreno-Piraján, J. C. (2015). Enthalpies of immersion in benzene, cyclohexane and water of granular activated carbons prepared by chemical activation with solutions of MgCl2 and CaCl2. J. Therm. Anal. Calorim. 121, 1279–1285. doi: 10.1007/s10973-015-4661-6

 Alves, L. A., de Castro, A. H., de Mendonça, F. G., and de Mesquita, J. P. (2016). Characterization of acid functional groups of carbon dots by nonlinear regression data fitting of potentiometric titration curves. Appl. Surf. Sci. 370, 486–495. doi: 10.1016/j.apsusc.2016.02.128

 An, H., Feng, B., and Su, S. (2013). Effect of monolithic structure on CO2 adsorption performance of activated carbon fiber–phenolic resin composite: a simulation study. Fuel 103, 80–86. doi: 10.1016/j.fuel.2011.06.076

 Bell, P. W., Thote, A. J., Park, Y., Gupta, R. B., and Roberts, C. B. (2003). Strong Lewis acid– Lewis base interactions between supercritical carbon dioxide and carboxylic acids: effects on self-association. Ind. Eng. Chem. Res. 42, 6280–6289. doi: 10.1021/ie030169w

 Boehm, H. P. (2002). Surface oxides on carbon and their analysis: a critical assessment. Carbon 40, 145–149. doi: 10.1016/S0008-6223(01)00165-8

 Borhani, T. N., and Wang, M. (2019). Role of solvents in CO2 capture processes: the review of selection and design methods. Renew. Sustain. Energy Rev. 114:109299. doi: 10.1016/j.rser.2019.109299

 Carruthers, J. D., Petruska, M. A., Sturm, E. A., and Wilson, S. M. (2012). Molecular sieve carbons for CO2 capture. Microporous Mesoporous Mater. 154, 62–67. doi: 10.1016/j.micromeso.2011.07.016

 Chingombe, P., Saha, B., and Wakeman, R. (2005). Surface modification and characterisation of a coal-based activated carbon. Carbon 43, 3132–3143. doi: 10.1016/j.carbon.2005.06.021

 Cho, H. Y., Yang, D. A., Kim, J., Jeong, S. Y., and Ahn, W. S. (2012). CO2 adsorption and catalytic application of Co-MOF-74 synthesized by microwave heating. Catal. Today. 185, 35–40. doi: 10.1016/j.cattod.2011.08.019

 Dandekar, A., Baker, R. T. K., and Vannice, M. A. (1998). Characterization of activated carbon, graphitized carbon fibers and synthetic diamond powder using TPD and DRIFTS. Carbon 36, 1821–1831. doi: 10.1016/S0008-6223(98)00154-7

 Daud, W. M. A. W., and Houshamnd, A. H. (2010). Textural characteristics, surface chemistry and oxidation of activated carbon. J. Nat. Gas Chem. 19, 267–279. doi: 10.1016/S1003-9953(09)60066-9

 Figueiredo, J. L., and Pereira, M. F. R. (2010). The role of surface chemistry in catalysis with carbons. Catal. Today 150, 2–7. doi: 10.1016/j.cattod.2009.04.010

 Figueiredo, J. L., Pereira, M. F. R., Freitas, M. M. A., and Orfao, J. J. M. (1999). Modification of the surface chemistry of activated carbons. Carbon 37, 1379–1389. doi: 10.1016/S0008-6223(98)00333-9

 Heidari, A., Younesi, H., Rashidi, A., and Ghoreyshi, A. A. (2014). Evaluation of CO2 adsorption with eucalyptus wood based activated carbon modified by ammonia solution through heat treatment. Chem. Eng. J. 254, 503–513. doi: 10.1016/j.cej.2014.06.004

 Hussin, F., and Aroua, M. K. (2019). Recent trends in the development of adsorption technologies for carbon dioxide capture: a brief literature and patent reviews (2014-2018). J. Clean. Prod. 253:119707. doi: 10.1016/j.jclepro.2019.119707

 Jagtoyen, M., Groppo, J., and Derbyshire, F. (1993). Activated carbons from bituminous coals by reaction with H3PO4: the influence of coal cleaning. Fuel Process. Technol. 34, 85–96. doi: 10.1016/0378-3820(93)90093-J

 Jang, E., Choi, S. W., Hong, S. M., Shin, S., and Lee, K. B. (2018). Development of a cost-effective CO2 adsorbent from petroleum coke via KOH activation. Appl. Surf. Sci. 429, 62–71. doi: 10.1016/j.apsusc.2017.08.075

 Juárez-Galán, J. M., Silvestre-Albero, A., Silvestre-Albero, J., and Rodríguez-Reinoso, F. (2009). Synthesis of activated carbon with highly developed “mesoporosity”. Microporous Mesoporous Mater. 117, 519–521. doi: 10.1016/j.micromeso.2008.06.011

 Koytsoumpa, E. I., Bergins, C., and Kakaras, E. (2018). The CO2 economy: review of CO2 capture and reuse technologies. J. Supercrit. Fluids 132, 3–16. doi: 10.1016/j.supflu.2017.07.029

 Liu, L., Li, P. Z., Zhu, L., Zou, R., and Zhao, Y. (2013). Microporous polymelamine network for highly selective CO2 adsorption. Polymer 54, 596–600. doi: 10.1016/j.polymer.2012.12.015

 Maia, D. A. S., de Oliveira, J. C. A., Nazzarro, M. S., Sapag, K. M., López, R. H., de Lucena, S. M. P., et al. (2018). CO2 gas-adsorption calorimetry applied to the study of chemically activated carbons. Chem. Eng. Res. Design 136, 753–760. doi: 10.1016/j.cherd.2018.06.034

 Mardani, A., Streimikiene, D., Cavallaro, F., Loganathan, N., and Khoshnoudi, M. (2019). Carbon dioxide (CO2) emissions and economic growth: a systematic review of two decades of research from 1995 to 2017. Sci. Total Environ. 649, 31–49. doi: 10.1016/j.scitotenv.2018.08.229

 Meldrum, B. J., and Rochester, C. H. (1990). In situ infrared study of the modification of the surface of activated carbon by ammonia, water and hydrogen. J. Chem. Soc. Faraday Trans. 86, 1881–1884. doi: 10.1039/ft9908601881

 Molina-Sabio, M., Rodriguez-Reinoso, F., Caturla, F., and Selles, M. J. (1996). Development of porosity in combined phosphoric acid-carbon dioxide activation. Carbon 34, 457–462. doi: 10.1016/0008-6223(95)00209-X

 Moreno, J. C., and Giraldo, L. (2000). Determination of the immersion enthalpy of activated carbon by microcalorimetry of the heat conduction. Instrument. Sci. Technol. 28, 171–178. doi: 10.1081/CI-100100970

 Nakagawa, Y., Molina-Sabio, M., and Rodríguez-Reinoso, F. (2007). Modification of the porous structure along the preparation of activated carbon monoliths with H3PO4 and ZnCl2. Microporous Mesoporous Mater. 103, 29–34. doi: 10.1016/j.micromeso.2007.01.029

 Noh, J. S., and Schwarz, J. A. (1990). Effect of HNO3 treatment on the surface acidity of activated carbons. Carbon 28, 675–682. doi: 10.1016/0008-6223(90)90069-B

 Plaza, M. G., Garcia, S., Rubiera, F., Pis, J. J., and Pevida, C. (2011). Evaluation of ammonia modified and conventionally activated biomass based carbons as CO2 adsorbents in postcombustion conditions. Separat. Purif. Technol. 80, 96–104. doi: 10.1016/j.seppur.2011.04.015

 Plaza, M. G., Pevida, C., Arenillas, A., Rubiera, F., and Pis, J. J. (2007). CO2 capture by adsorption with nitrogen enriched carbons. Fuel 86, 2204–2212. doi: 10.1016/j.fuel.2007.06.001

 Plaza, M. G., Rubiera, F., Pis, J. J., and Pevida, C. (2010). Ammoxidation of carbon materials for CO2 capture. Appl. Surf. Sci. 256, 6843–6849. doi: 10.1016/j.apsusc.2010.04.099

 Querejeta, N., Gil, M. V., Pevida, C., and Centeno, T. A. (2018). Standing out the key role of ultramicroporosity to tailor biomass-derived carbons for CO2 capture. J. CO2 Util. 27 1–7. doi: 10.1016/j.jcou.2018.04.016

 Rouquerol, J., Llewellyn, P., and Rouquerol, F. (2007). Is the BET equation applicable to microporous adsorbents? Stud. Surf. Sci. Catal. 160, 49–56. doi: 10.1016/S0167-2991(07)80008-5

 Rouquerol, J., Rouquerol, F., and Sing, K. S. W. (1999). Properties of some novel adsorbents en: adsorption by powders and porous solids. Principles Methodol. Appl. 426–429.

 Rubino, M., Etheridge, D. M., Thornton, D. P., Howden, R., Allison, C. E., Francey, R. J., et al. (2019). Revised records of atmospheric trace gases CO2, CH4, N2O, and δ13C-CO2 over the last 2000 years from Law Dome, Antarctica. Earth Syst. Sci. Data 11, 473–492. doi: 10.5194/essd-11-473-2019

 Saha, D., and Kienbaum, M. J. (2019). Role of oxygen, nitrogen and sulfur functionalities on the surface of nanoporous carbons in CO2 adsorption: a critical review. Microporous Mesoporous Mater. 287, 29–55. doi: 10.1016/j.micromeso.2019.05.051

 Saleh, M., Wan Wan Daud, M. A., Houshmand, A., and Shamiri, A. (2010). A review on surface modification of activated carbon for carbon dioxide adsorption. J. Anal. Appl. Pyrolysis. 89, 143–151. doi: 10.1016/j.jaap.2010.07.006

 Sevilla, M., and Fuertes, A. B. (2012). CO2 adsorption by activated templated carbons. J. Colloid Interf. Sci. 366, 147–154. doi: 10.1016/j.jcis.2011.09.038

 Shafeeyan, M., Wan Daud, W. M. A., Houshmand, A., and Arami-Niya, A. (2011). Ammonia modification of activated carbon to enhance carbon dioxide adsorption: Effect of pre-oxidation. Appl. Surf. Sci. 257, 3936–3942. doi: 10.1016/j.apsusc.2010.11.127

 Silvestre-Albero, J., de Salazar, C. G., Sepúlveda-Escribano, A., and Rodriguez-Reinoso, F. (2001). Characterization of microporous solids by immersion calorimetry. Colloids Surf. A Physicochem. Eng. Aspects 187, 151–165. doi: 10.1016/S0927-7757(01)00620-3

 Stoeckli, F., and Centeno, T. A. (1997). On the characterization of microporous carbons by inmersion calorimetry alone. Carbon 35, 1097–1100. doi: 10.1016/S0008-6223(97)00067-5

 Thommes, M., and Cychosz, K. A. (2014). Physical adsorption characterization of nanoporous materials: progress and challenges. Adsorption 20, 233–250. doi: 10.1007/s10450-014-9606-z

 Thommes, M., Kaneko, K., Neimark, A. V., Olivier, J. P., Rodriguez-Reinoso, F., Rouquerol, J., et al. (2015). Physisorption of gases, with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report). Pure Appl. Chem. 87, 1051–1069. doi: 10.1515/pac-2014-1117

 Wahby, A., Silvestre-Albero, J., Sepúlveda-Escribano, A., and Rodríguez-Reinoso, F. (2012). CO2 adsorption on carbon molecular sieves. Micropor Mesopor Mater. 164, 280–287. doi: 10.1016/j.micromeso.2012.06.034

 Wang, Y., Zhao, L., Otto, A., Robinius, M., and Stolten, D. (2017). A review of post-combustion CO2 capture technologies from coal-fired power plants. Energy Procedia 114, 650–665. doi: 10.1016/j.egypro.2017.03.1209

 World Meteorological Organization (WMO). (2019). WMO Greenhouse Gas Bulletin (GHG Bulletin) - No. 15: The State of Greenhouse Gases in the Atmosphere Based on Global Observations through 2018. Geneva: World Meteorological Organization. 15, 1–4.

 Yang, S. T., Kim, J. Y., Kim, J., and Ahn, W. S. (2012). CO2 capture over amine-functionalized MCM-22, MCM-36 and ITQ-2. Fuel 97, 435–442. doi: 10.1016/j.fuel.2012.03.034

 Yu, C. H., Huang, C. H., and Tan, C. S. (2012). A review of CO2 capture by absorption and adsorption. Aerosol Air Qual. Res. 12, 745–769. doi: 10.4209/aaqr.2012.05.0132

 Zuo, S., Yang, J., Liu, J., and Cai, X. (2009). Significance of the carbonization of volatile pyrolytic products on the properties of activated carbons from phosphoric acid activation of lignocellulosic material. Fuel Process. Technol. 90, 994–1001. doi: 10.1016/j.fuproc.2009.04.003

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Giraldo, Vargas and Moreno-Piraján. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fchem-08-543452-t005.jpg
Sample ~AHim CoHg (Jg™) ~AHinm H20 (Jg™")  Hydrophobic factor
(-AHim CoHe/

-AHinmH20)
GAC 108 48 225
GACO 84 68 128

GACA 7% 56 1.34





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Study of CO2 Adsorption on Chemically Modified Activated Carbon With Nitric Acid and Ammonium Aqueous



		Introduction



		Materials and Methods



		Granular Activated Carbon Preparation



		GAC Chemical Modification



		Modification With Nitric Acid



		Modification With Ammonium Aqueous









		Characterization of Carbonaceous Materials



		CO2 Adsorption at 273 K and 1 Bar







		Results and Discussion



		Textural Characteristics



		Chemical Characteristics



		Immersion Calorimetry



		CO2 Adsorption







		Conclusions



		Data Availability Statement



		Author Contributions



		Acknowledgments



		References

















OPS/images/fchem-08-543452-t004.jpg
sample

GAC
GACO
GACA

Carboxylic
groups mmolg~!

0.08
0.12
0.06

Lactonic groups
mmolg~!

0.10
0.21
0.06

Phenolic groups
mmolg~!

0.16
0.35
o1

Total acidity
mmolg=!

0.34
0.68
0.21

Total basicity
mmolg~*

0.07
0.18
0.28

pHpze

78
6.2
8.4





OPS/images/inline_1.gif
NO;





OPS/images/fchem-08-543452-t006.jpg
Sample GAC GACO GACA

mg CO, g~'carbon 205 237 333





OPS/images/fchem-08-543452-t003.jpg
sample

GAC
GACO
GACA

%C

81.4
66.1
63.6

Elemental analysis
%H
24

13
LN

%N

12
24

%0

16.5
314
208





OPS/images/fchem-08-543452-t002.jpg
Nitrogen adsorption at 77 K

Sample  Sper (M°g™") Vo (em®g™)  Vimeso (em®g™") Voo (em®g™)
GAC 865 034 006 0.40
GACO 787 032 0.10 0.42

GACA 634 0.25 0.07 0.32









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Chemistry





OPS/images/fchem-08-543452-g005.gif





OPS/images/fchem-08-543452-g006.gif
AHCO; ads lmot

“GACA +GACO +GaC

Covering factor (0)





OPS/images/fchem-08-543452-g003.gif
»T

stesvzraszd

“ae

p—






OPS/images/fchem-08-543452-g004.gif





OPS/images/fchem-08-543452-t001.jpg
Experimental technique

Adsorption isotherms of N at
77K

Boehm titration

Point zero charge-pH pzc

Elemental analysis

Infrared spectroscopy (DR FTIR)

Immersion calorimetry

Conditions

Sample: 100 mg

Vacuum degassing: 423K, 24 h,
Autorsorb 1Q2 (Quantachrome Instruments)
Sample: 100mg

Solutions: NaOH, NazCOs, NaHCO3 NaOH and HCI 0.1 M
Volume solutions: 25 mL.

Temperature: 208K

Contact time:48h

N was bubbled over the solutions

Noh and Schwarz mass Titration Method (Noh and Schwarz, 1990)
Samples: Between 0.050 and 0.300g

Solution: 10mL NaCl 0.1N

Temperature: 298K

Time: 48h

CHNS elemental microanalyzer, with LECO Micro TruSpec detection system

Sample: 100mg
Mixed with KBr

Diffuse reflectance cell

Thermo-Nicolet 6,700 FT-IR

Sample: 100mg

Temperature: 298K

Volume= 8mL

Immersion liquids: CsHs and Hz0
Equibrium time of base line: 1h
Electrical calibration

Calvet type heat conduction calorimeter

Obtained parameters
Surface 4rea (Seer)

Micropore volume Vo (N5)

- Oxygenated  surface  groups
Carboxylic, Lactonic and Phenolic

- Total acidity

- Total basicity

pHezo

Element content:
- Carbon content

- Nitrogen content

- Hydrogen content

- Oxygen content

Chemical groups presents in materials

Immersion enthalpy

content:






OPS/images/fchem-08-543452-g007.gif
A S

GO0 Ao Oty SRS TR D





OPS/images/fchem-08-543452-g008.gif
srsrezsss
ol Dy

Ot o (g COnt iy





OPS/images/cover.jpg
’ frontiers
in Chemistry

Study of CO, Adsorption on
Chemically Modified Activated
Carbon With Nitric Acid and
Ammonium Aqueous





OPS/images/fchem-08-543452-g001.gif
")

Vads(en

prpe

Gac
~GACO
*GACA






OPS/images/fchem-08-543452-g002.gif
- S0, — - s, o

QWQ.W_. I
O = e





