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Abstract 

Herein, porous carbon materials were prepared using p-toluenesulfonic acid (TsOH) as a carbon 

source with (TsOH-STC) and without (TsOH-C) presence of MgCl2.6H2O. The products were 

evaluated in terms of CO2 (carbon dioxide) adsorption performance, texture and surface chemical 

structure. Both samples contain oxidized sulfur on their surface according to X-ray photoelectron 

spectroscopy (XPS). TsOH-STC has a 3D porous network, but TsOH-C consists of a dense 

structure. It was understood that TsOH-C is not suitable to be analyzed with N2 adsorption at 

cryogenic temperatures probably due to restricted access to narrow pores due to lack of external 

surface. The CO2 uptakes are 0.78 mmol g-1 for TsOH-C and 0.67 mmol g-1 for TsOH-STC at 

flue gas conditions (0.15 bar and 298 K) of coal fired power plants, which is a projection of 

ultramicropore (pores smaller than 0.7 nm) volume in 0.5 nm range. TsOH-C has CO2 uptake 

capacity of 2.21 mmol g-1 and TsOH-STC reaches 2.47 mmol g-1 at 1 bar at 298 K. Maximum 

CO2 adsorption enthalpy (Qst) value for TsOH-C is 24.9 kJ mol-1 and that of TsOH-STC is 25.7 

kJ mol-1. IAST (ideal adsorbed solution theory) selectivities (CO2:N2 = 15:85) of the samples are 

13.5 for TsOH-STC and 19.7 for TsOH-C at 1 bar. It was shown in this study that salt templating 

with MgCl2 does not influence ultramicroporosity development and provide moderate level CO2 

capture performance. However, templating induces formation of supermicropores (micropores 

larger than 0.7 nm), large mesopores and macropores on TsOH derived carbons. 
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1. INTRODUCTION 

 

CO2 (carbon dioxide) is a greenhouse gas, which is the major concern for the global warming [1]. CO2 is a 

byproduct of fossil fuel combustion [1]. Post-combustion CO2 capture method is the simplest method to 

capture released CO2 from coal-fired power plants [2]. Membrane, cryogenic, adsorption by chemical 

solvents and solid adsorbents were developed for CO2 capture [3]. The flue gas is adsorbed using amine 

solutions (chemisorption by solvents) conventionally [4]. However, the technology relies on toxic 

chemicals and contaminant by-products [5] and high regeneration cost [6]. Among the exemplified CO2 

capture technologies adsorption by solid adsorbents technology holds promise because of its low cost and 

simplicity. MOFs, zeolites, carbons, and porous organic polymers can be used as solid adsorbents [3]. 

Porous carbons particularly find use in catalysis and adsorption applications [7], and they are good 

candidates to be used for CO2 adsoption because of their suitability to be utilized in post-combustion CO2 

capture, which is carried out at atmospheric pressure (1 bar), and at low concentration of CO2 (0.15 bar) 

[8]. There are many aspects needed to be considered for a successful carbon adsorbent, which are 

appropriate pore structure and sufficient chemical interaction for easy regeneration and high gas selectivity. 

It is possible to produce carbons from suitable carbonizable precursors by pyrolysis without the need for 

additives. Nevertheless, the produced carbons can`t acquire sufficient porosity. Hence, generally activation 

strategies are employed [9,10]. It can be chemical or physical depending on the activation type used.  
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Chemical activation with KOH impregnation and pyrolysis of the precursor-KOH mixture in inert 

atmosphere is the generally used activation strategy [11,12]. However, KOH is toxic. New strategies should 

be sought. Using templates to provide porosity in carbon materials can be a feasible strategy. Hard 

templating approach is one of those [13]. With appropriate salts additives, carbon acquires porosity 

replicating the salt crystal geometry. In addition, presence of salts may influence the surface chemical 

structure by inducing a catalytic effect. Appropriate salt-precursor combination may also be important for 

synergistic effect on porosity. So there is a need for investigating the properties of carbons synthesized with 

simple pyrolysis and salt templating methods. Besides, there is limited amount of study dealing with MgCl2 

templated carbons [14]. 

 

Nitrogen doped carbons are popular in the field of porous carbon production for CO2 capture applications 

[15,16]. Nitrogen is popular because it renders the surface of carbon material basic. The carbon material 

which possesses basicity on its surface can have high adsoption capacity for CO2, isosteric heat of 

adsorption and CO2/N2 gas selectivity. As in the case of nitrogen, sulfur may also provide acid-base 

interaction with CO2 molecules [17]. However, studies on sulfur doped carbons are limited. Poly(sodium 

4-styrene sulfonate) [18], poly[(2-hydroxymethyl)thiophene] [12] like polymer materials have been used 

to produce porous carbons. A molecular precursor  that has high sulfur and oxygen content may provide 

high heteroatom doping and sufficient porosity. In addition, presence of -SO3H like groups in a precursor 

may allow cross-linking ability and this property may help to introduce surfur atoms in carbon framework 

[19]. TsOH contains -SO3H group in its structure.  Sulfur and oxygen constitutes ~18 wt%  and 28wt% of 

TsOH, respectively. In this  regard,  TsOH was chosen as a molecular starting material in this study because 

of its high heteroatom content. 

 

In this study, a novel combination of TsOH and MgCl2 were used as precursor and salt template for the 

synthesis of a carbon material, respectively. Porous carbon materials were synthesized using p-

toluenesulfonic acid (TsOH) with and without presence of MgCl2.6H2O. The synthesized carbons were 

evaluated in terms of CO2 capture performance, textural properties, surface chemical stucture and 

morphology. During pore size evaluation, different DFT (Density functional theory) methods were used for 

the pore size distribution calculations, and the results were elucidated to determine the drawbacks of using 

particular method.  It was found that MgCl2 templating does not influence ultramicroporosity development, 

but it helps to increase supermicropore and macropore volumes. CO2 uptake capacity at flue gas conditions 

dwindles with salt templating. The material has an interconnected porous network and high heteroatom 

(sulfur and oxygen) content on its surface. It is believed that investigation of the properties of carbons 

synthesized by this method may speed up the development of effective porous carbon materials. 

 

2. MATERIALS AND METHODS 

 

2.1. Materials 

 

The p-toluenesulfonic acid monohydrate and Hydrochloric acid (HCl) (37%) were purchased from Merck. 

Magnesium chloride hexahydrate (MgCl2.6H2O) was purchased from Sigma-Aldrich. The raw materials 

were used without any purification. 

 
2.2. Materials Synthesis 

 

In a typical method of TsOH-C synthesis, TsOH was put in alumina crucible, and placed in middle position 

of alumina tube in a furnace. It was kept for 1 h at 750 °C with heating and cooling rate of 8 °C min-1 under 

Argon atmosphere with flow rate of 1 L min-1. The sample allowed to cool under inert atmosphere until the 

temperature reaches to 150 °C. The synthesized black carbon product was ground and washed with distilled 

water and dried at 80 °C overnight in vacuum oven. For the preparation of TsOH-STC, TsOH and 

MgCl2.6H2O were mixed with a weight ratio of 1/16 in deionized water. The water in the solution was 

allowed to evaporate at 80 °C for at least 6 h in a beaker placed in oil bath. The dried composite powder 

was ground. The ground powder sample was subjected to pyrolysis in alumina crucible. Pyrolysis 

conditions implemented on TsOH was also employed on composite powder. The product was washed with 
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0.25 M HCl to remove inorganic substances. Finally, the powder was washed with distilled water and dried 

at 80 °C overnight in vacuum oven. 

 

2.3. Materials Characterization 

 

All adsorption isotherms were acquired by using surface area and porosity analyzer ASAP 2020 

manufactured by Micromeritics Instruments Corp. N2 adsorption data were taken at 77 K, while CO2 data 

were acquired at 273 K. CO2 and N2 adsorption isotherms were obtained at 298 K between 0.01 bar and 1 

bar as well.  Before the adsorption experiments, the samples were degassed at 250 °C. Helium method was 

separately performed before each cryogenic nitrogen adsorption experiment. Then the samples were 

degassed at 100 °C again and finally full isotherms were obtained by using already known dead space 

values.  

 

Pore size distribution was determined by fitting N2 adsorption isotherm with DFT model supplied by 

Micromeritics software designed for slit shape pores on carbon. Brunauer-Emmett-Teller (BET) surface 

area was calculated using appropriate region on N2 adsorption isotherm considering that the materials are 

microporous.  Fitting of CO2 adsorption isotherms were carried out by using NLDFT (non-local density 

function theory) and DFT models provided by Quantachrome and Micromeritics, respectively. Both pore 

models were designed for slit shape pores on carbon. IAST selectivity was employed to estimate CO2 

selectivity over N2. Mole fraction for CO2/N2 was selected as 0.15/0.85 at 1 bar (flue gas pressure). IAST 

is a prediction of adsorption equilibria carried out by using single component adsorption isotherms [20,21]. 

To carry out the selectivity calculations a Python code (Pyiast) was used [22]. Isosteric heats of adsorption 

(Qst) were calculated by making use of CO2 adsorption isotherms obtained at 273 K and 298 K. Scanning 

electron microscope (SEM) images were obtained with Zeiss Evo LS10. Energy dispersive X-ray 

spectroscopy (EDS) studies were performed by using Edax-Element EDS detector. ATR-FTIR (Attenuated 

total reflection-Fourier transform infrared absorption spectroscopy) analyses were performed on Perkin 

Elmer Spectrum 100. Diamond/Zinc selenide ATR was utilized for the characterization of powdered carbon 

samples. Each spectrum was acquired with 50 scans while using 4 cm-1 resolution between wavenumbers 

of 4000-650 cm-1. Only fingerprint regions of spectra were provided (1700 cm-1 and 650 cm-1) in the article. 

Because peaks related to carbons were present in this region. Elemental analyses and chemical states of 

elements were analyzed by  Thermo K-Alpha XPS system. Energy calibration was not implemented using 

C1s peak since there is controversy on referencing of C1s peaks [23]. Photoemission survey spectra were 

acquired using 100 eV pass energy. On the other hand, pass energy setting for high resolution spectra was 

100 eV. CasaXPS software was used to deconvolute high resolution XPS spectra.  

 

3. RESULTS AND DISCUSSION 

 

Synthesis steps of TsOH-STC is shown in Figure 1. The reason behind choosing MgCl2.6H2O is explained 

as follows: MgCl2 melts at 714 °C, which is close to pyrolysis temperatures of carbons. However, 

MgCl2.6H2O has a melting point of 117 °C [14]. Because of its low melting point, it was used as a solvent 

to homogenously polymerize and carbonize organic compounds [14]. Therefore, a high salt to organic 

compound ratio (16) was used to benefit from the possible solvent-like effect of MgCl2.6H2O to enable 

homogenous carbonization of TsOH. In this respect, effect of high salt content was investigated on pore 

development and size distribution.  
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Figure 1. Synthesis steps of TsOH-STC. Salt to organic compound weight ratio was 16 

 

Optical images of acid-salt mixture before and after pyrolysis are shown in Figure 2a and b, respectively. 

As can be seen from the image, the structure is not homogenous. This is mainly because of the excess 

MgCl2 in the reaction mixture. Figure 2c and d are backscattered electron image and EDS map of the 

mixture before pyrolysis, which imply that at least homogenous mixing of Mg and Cl elements is attained 

at macroscopic level (100x). All the sulfonic acid groups in TsOH were ion exchanged, which led to 

homogeneous dispersion of Mg ions, excess Mg should have clustered as MgCl2. The aim of providing ion 

exchange on functional groups is as follows: As in the the study of Liu et al., where they used hydrochar 

material to produce activated carbons, homogenous ultramicropore evolution was obtained by ion exchange 

generated on -COOH groups on hydrochar using KOH activator [5]. So they postulated that presence of -

COOK groups provide activation effect.   

 

Figure 2e is secondary electron image of TsOH-STC. Figure 2f, g, h, i and j are EDS maps of TsOH-STC. 

EDS analysis revealed that bipyramid shaped particles are MgO (They are composed of oxygen and 

magnesium). There is no monomodal size distribution of MgO particles. Except MgO, the structure 

contains sulfur and carbon.  
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Figure 2. (a) Optical image of TsOH and MgCl2.6H2O mixture before pyrolysis, (b) is optical image of 

TsOH-STC after pyrolysis, (c) and (d) are backscattered electron image of TsOH/MgCl2 mixture before 

pyrolysis and EDS map, respectively. (e), (f), (g), (h), (i) and (j) are secondary electron image of TsOH-

STC, oxygen, magnesium, sulfur, carbon and overlay EDS maps of major elements detected, respectively 

 

Figure 3 shows scanning electron microscopy images of rinsed samples, the insets are tables related to 

composition of samples obtained by EDS. Micrographs of TsOH-C are shown in Figure 3a, b and c. The 

images reveal that the TsOH-C has no large pores and it is densley packed. In terms of elemental 

composition, one notable property of TsOH-C is its low oxygen (O) content, which is around 1 wt%. Sulfur 

content is ~11 wt%. It was assumed that presence of sulfur may provide high energy adsorption sites for 

CO2 molecules. Because sulfur has lone pairs of electrons. Therefore, sulfur may act as Lewis base and 

consequently, may provide basicity on carbon surface. However, it should be noted that thiophene type 

functionalities and oxidized sulfur groups such as sulfoxides are known to positively influence CO2 

adsorption [24]. Not all type of sulfur functionalities have role on adsorption of CO2 [24].  

 

Figure 3d, e and f are micrographs of TsOH-STC. TsOH-STC has interconnected 3D porous framework 

unlike TsOH-C as a result of MgCl2 templating. The structure contain holes having sizes between 500 nm 

and 800 nm as indicated by red arrows (Figure 3d). During the replication process of salt crystals sheet-like 

morphology emerged as indicated by yellow arrow in Figure 3e. Thickness values of sheets are  beyond 

measurable limit of used SEM. However, the layer thicknesses were assumed to be around 100 nm or less.  

 

TsOH-STC is mostly composed of 3D porous network as explained above, on the other hand, dense regions 

are present as well (Figure 3f). This implies that there is inhomogeneity in terms of morphology. This 

inhomogeneity is believed to be arising from the drying conditions implemented (freeze drying may be a 

relavant alternative) and high heating rate (8 °C min-1). To get over that problem lower heating rates can be 

used to provide time for TsOH and MgCl2 to melt and homogenously mix. Inset in Figure 3f represents the 

elemental distribution of TsOH-STC. After acid washing almost all Mg was successfully removed. There 

is a slight silicon contamination, which is believed to be contamination from silicon oil used during drying 

process. Sulfur content is on the level of 12 wt%. This value is almost the same as that of TsOH-C. The 
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only significant difference between TsOH-C and TsOH-STC is oxygen content. TsOH-STC has around 4 

times higher oxygen (4 wt %) than TsOH-C in the bulk.  

 

 
Figure 3. (a), (b) and (c) are SEM image of TsOH, (d), (e) and (d) are SEM image of TsOH-STC. Insets 

in (a) and (e) are weight concentrations of elements 

 

In order to corroborate the chemical structural information obtained by using EDS, ATR-FTIR analyses 

were also performed. Figure 4 shows ATR-FTIR spectra of synthesized carbons. Since prominent bands 

are located in the fingerprint region, the spectra were drawn between 1700-650 cm-1 rather than 4000 cm-1 

and 650 cm-1. Expectedly, IR spectra is subtle due to high carbonization temperature. Namely, 

carbonization eliminated most of the functional groups and induced drastic structural changes on organic 

molecule. The peak at 1540 cm-1 was assigned to aromatic ring stretching (C=C). The band at 1120 cm-1 

corresponds to C-O stretching. Both absorption bands are present in carbons with varying intensities. 

TsOH-C has significantly lower C-O stretching band. This result is in correlation with the fact that TsOH-

STC has significantly higher oxygen (EDS) than TsOH-C. However, one should also be sceptical about 

comparison of concentration of functional groups based on peak intensities between different spectra. 

Because carbons has high absorption of infrared radiation and diamond/ZnSe ATR is not ideal for black 

samples like carbons. 

 

 
Figure 4. a) ATR-FTIR spectra of TsOH-C and TsOH-STC 

 

Adsorption processes or chemical reactions take place on surfaces. Therefore, a surface sensitive technique, 

XPS was used to investigate elemental composition and chemical state of the elements (Figure 5). Figure 

5a and d show XPS survey spectra of TsOH-C and TsOH-STC. C1s and O1s and S2p peaks are highlighted. 
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Quantifications results are also provided. There is substantial difference between quantification results 

obtained by means of EDS and XPS for TsOH-C (Figure 5a). Namely, oxygen constitutes 1 wt% of TsOH-

C in terms of EDS, but XPS results reveal that oxygen content is 7.87 at% (9.69 wt%). The underlying 

cause for this is explained as follows: XPS is surface sensitive technique. However, EDS measures the bulk 

because high energy electron beam penetrates deep inside the material and interaction volume of X-rays is 

large.  

 

Pyrolysis at elevetated temperatures (750 °C) ensures that temperature sensitive functional groups are 

removed such as sulfoxides or sulfonic acids [25].  However, it seems that after exposure to air, carbon 

samples acquired oxidized sulfur functional groups. This result is in agreement with literature because 

oxidized sulfur was also observed on carbons derived from sulfur bearing polymers (carbons pyrolized 

under nitrogen at 800 °C) [26]. Considering TsOH-STC, elemental composition is also different compared 

to EDS results. Salt temlating decreased surface oxygen, but sulfur content remained similar (Figure 5d). 

Figure 5b and e are deconvolution of the core energy level spectra of S 2p of carbons. S 2p peaks of TsOH-

C and TsOH-STC consist of 4 and 3 components, respectively. Two peaks at 164 eV and 165 eV are related 

to C-S functional group in thiophene-S [27] or  C=S [28]. The peaks at 166 eV and 167 eV are ascribed to 

oxidized sulfur/sulfoxides [16,25] in TsOH-C and TsOH-STC. Oxidized sulfur functionalities constitute 

18.2% of sulfur functionalities in TsOH-C and that of TsOH-STC is 22.3%. However, TsOH-C has more 

oxygen on its surface than TsOH-STC, which should present as C-O like functional groups. This results 

implies that TsOH-C has slightly more polar surface than TsOH-STC. C 1s core level spectra were also 

acquired (Figure 5c and f). Electronegativity of carbon is similar to that of sulfur. So binding energy of 

peak related to C-S should be at similar position to C-C bonds. In that sense, the peaks at 284.8 eV may be 

ascribed to C-C bond [29] and C-S bond [24]. The peaks at 285.8 eV is related to ether (C-O) [30] or C-S 

bond [29]. Overall, in terms of C 1s spectra, there is no significant difference between carbons` oxidation 

states.  

 

Figure 5. a) and d) are XPS survey spectra of TsOH-C and TsOH-STC. b) and e) are deconvoluted S 2p 

core level spectra. c) and f) are deconvoluted C 1s spectra (Residual standard deviation: Residual STD) 

 

Nitrogen adsorption-desorption isotherm of TsOH-STC has H3 type hysteresis loop based on classification 

by IUPAC (International Union of Pure and Applied Chemistry) as shown in Figure 6a and its inset. The 

steep slope at low relative pressures (˂0.01 P/P0) suggests that narrow microporosity is present, i.e., 

ultramicropores (˂0.7 nm), which are no bigger than 2-3 molecular diameters of adsorptive gas [31]. There 

is no leveling off at high relative pressures, which dictates that macropores are present and they are not 

filled at atmospheric pressure [31]. DFT differential pore size distribution (PSD) and cumulative pore 

volume (CPV) graphs are shown in Figure 6b. It is revealed that the carbon material has hierarchical 
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porosity. This structure is beneficial for some applications, in which macropores and mesopores enable 

accessibility to microporosity. BET surface area of TsOH-STC is 712.60 m2 g-1 (Table 1). That of DFT 

estimation is 591.36 m2 g-1. It should be noted that BET underestimates the surface area in the case of 

microporous materials and overestimates for materials having wide pores [32]. However, DFT calculation 

yielded lower specific surface area value, which means that though micropores are present, presence of 

hierarchical pore structure complicates surface area determination and comparison of results of different 

methods.  

 

TsOH-C possesses an unusual nitrogen adsorption isotherm (Figure 6c). Kinetic restrictions is believed to 

produce this unrealistic isotherm. Probably, TsOH-C is composed of interconnected micropores, and has 

bottle-neck type pores. Time taken between adoption points also corroborates the idea that the material 

conveys a molecular sieving effect for N2 molecules at cryogenic temperatures (Figure 6d). Because N2 

adsorption time for TsOH-STC is significantly lower than TsOH due to hierarchical pore structure, which 

facilitates diffusion of adsorbate molecules. Low pressure hysteresis behavior reinforces this assumption, 

which is a common phenomenon observed particularly in microporous polymers that is the result of ill-

connected micropores [33]. Considering the adsorption isotherm shape of TsOH-C, it resembles type I(a) 

isotherm according to IUPAC classification, which is an indication of presence of narrow micropore size 

distribution. This assumption seems plausible. Because in the following sections, it will be seen that 

material is composed of narrow micropores (CO2 adsorption isotherms related DFT estimation). The 

difference arising between TsOH-C and TsOH-STC is the absence of mesoporosity and macroporosity 

(external surface) in the former one. As it was mentioned, these wide pores facilitate access to microspores. 

Due to kinetic restrictions, the TsOH-C isotherm obtained is not at equilibrium and prone to give false 

textural information as BET surface area was calculated to be 224.65 m2 g-1. 

 

Figure 6. (a) N2 adsorption-desorption isotherm of TsOH-STC at 77 K, inset is hysteresis region of the 

same isotherm. (b) PSD and CPV distributions for TsOH-STC based on DFT method. (c) N2 adsorption-

desorption isotherm of TsOH-C at 77 K. (d) Time taken between adsorption points with cryogenic N2 
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More trials were implemented on TsOH-C. Sample was also subjected to degassing at 250 °C instead of 

200 °C, to see the effect of degassing on adsorption. Cryogenic N2 adsorption equilibrium was attained at 

extremely slowly (equlibrium time was considerably slower than that obtained by using the sample 

degassed at 200 °C while all the other experimental parameters were same) for that sample. In addition, 

sample mass has an influence on measurement time. In this context, there was also trials with dwindling 

the sample mass to decrease measurement time. There was negligible influence of mass of the adsorbent 

on adsorption time with selected experimental conditions. Overall, it is not feasible to utilize cryogenic N2 

adsorption for these type of benzene derivative carbons. Because it is a well-known phenomenon in 

literature that though N2 is the most widely used adsorbate, completion of measurements dictates duration 

for more than 100 h when pore sizes approaches to the adsorbate molecule size [34]. O2, Ar and CO2 

adsorption options are more feasible. It is believed that TsOH derived carbons have so small pores probably 

with interconnected nature that they have a sieving effect for nitrogen molecules at cryogenic temperatures.  

 

Table 1. Textural properties of TsOH-STC 

N
2
 adsorption at 77 K (Material: TsOH-STC) 

BET surface area 

(m² g
-1

) 

DFT method 

surface area (m² 

g
-1

) 

Total pore 

volume (cm³/g) 

(DFT method) 

(<=117 nm) 

Micropore 

volume below 

0.7 nm (cm³/g) 

(DFT method) 

Micropore volume 

below 1 nm (cm³/g) 

(DFT method 

712 591 0.46 0.1 0.15 

 

Nitrogen adsorption is complemented with CO2 adsorption at 273 K as shown in Figure 7a. Up until 

reaching the crossover at 0.35 bar, TsOH-C showed slightly higher CO2 uptake. This is an indication of 

slightly higher content of smallest micropores for this sample. However, at high pressures TsOH-STC 

absorbs higher quantities of CO2. In addition, concave shape of CO2 adsorption isotherms is an indication 

of strong adsorption potential [32]. DFT model on carbon with slit shape pores was used to fit experimental 

data, which is obtained from Micromeritics’ DFT library. CPV and PSD are shown in Figure 7b. 

Interestingly, there is a discrepancy between uptake behavior of experimental isotherms and DFT derived 

pore size and volume information. Throughout the pore size range TsOH-C performs better in CPV graphs, 

but TsOH-STC is superior to TsOH-C beyond 0.35 bar in the experimental isotherm. The attained pore 

volumes at 1 nm by CO2 adsorption at 273 K are 0.09 cm3 g-1 for TsOH-STC and 0.1 cm3 g-1 for TsOH-C 

as shown in Table 2. N2 adsorption related calculations yielded different pore volume information, i.e., pore 

volume below 1 nm is 0.15 cm3 g-1 for TsOH-STC with cryogenic nitrogen adsorption. To elucidate the 

discrepancy, NLDFT method (for CO2 on carbon at 273 K) from Quantachrome DFT library was also used 

(Figure 7c). Contrary to DFT method, NLDFT method follows the trend of the experimental isotherms. 

Namely, TsOH-C has slightly higher CPV at smallest pores and beyond around 0.6 nm TsOH-STC 

performs better than TsOH-C. Total pore volume of samples at 0.82 nm (measurable limit) are 0.17 cm3 g-

1 for TsOH-STC and 0.15 cm3 g-1 for TsOH-C according to NLDFT, which also correlates with N2 

adsorption related DFT result (see Figure 6b, Tables 1, 2). Considering PSD, two methods yield comparable 

results. Ultramicropores in the range of 0.5-0.6 nm are common for both with small shift to lower values 

for TsOH-C, and there is an increasing trend beyond 0.7 nm up to 0.82 nm in CPV graph. NLDFT related 

method ends at 0.82 nm. However, DFT method enables reaching slightly above 0.9 nm. 
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Figure 7. (a) Experimental CO2 adsorption isotherms of samples at 273 K and DFT fits of corresponding 

isotherms, (b) CPV and PSD versus pore width based on DFT calculation for slit like pores 

(Micromeritics library), (c) CPV and PSD versus pore width based on NLDFT model calculation 

(Quantachrome library) 

 

As mentioned above, cryogenic nitrogen adsorption is not suitable for TsOH-C. Because N2 has a quadruple 

moment and this can cause specific interactions on adsorbent surface [32] along with other possible 

limitations. Namely, it can take very long time for N2 molecules to diffuse into the pores at cryogenic 

tempratures in narrow pores. On the contrary, CO2 adsorption can be obtained more easily due to enhanced 

adsorption kinetics. Because CO2 adsorption takes place at 273 K. High temperature facilitates diffusion. 

It is possible for CO2 to enter smallest pores due to mitigated kinetic restrictions, though CO2 molecule has 

a higher quadruple moment than N2. Table 2 shows surface area values calculated based on CO2-DFT and 

CO2-NLDFT methods for carbon.  Those of TsOH-C is 526 m2 g-1 and 672 m2 g-1 for TsOH-STC based on 

CO2-DFT model. Considering CO2-NLDFT results, TsOH-STC has a surface area of 665 m2 g-1, which is 

close to DFT method’s result. However, that of TsOH-C is 614 m2 g-1, which is 88 m2 g-1 higher than DFT 

result based surface area. Overall, based on the obtained results, it is speculated that as expectedly NLDFT 

method gives more plausible textural information than DFT for the studied carbons.  

 

It should be noted that there is a discrepancy between micropore volumes found with N2 adsorption 

interpretation and CO2 adsorption interpretation for TsOH-STC. It should be emphasized that the two 

calculation methods are different, one is DFT and the other one is NLDFT. Besides, CO2 gas is more polar 

than N2, which may mean that even at 273 K, CO2 molecules pack more densely in ultramicropores of a 

polar material due to higher adsorption tendency.  

 

Table 2. Textural properties of synthesized samples 

CO
2
 

adsorption 

at 0 °C 

DFT model: 

Micropore 

volume <= 1 

nm (cm³ g
-1

) 

NLDFT 

model: 

Micropore 

volume 

<= 0.82 nm 

(cm³ g
-1

) 

DFT model: 

Micropore 

volume <= 

0.7 nm 

(cm³ g
-1

) 

NLDFT 

model: 

Micropore 

volume 

<= 0.7 nm 

(cm³ g
-1

) 

DFT 

model: 

Micropore 

surface 

area (m² g
-

1
) 

NLDFT model: 

Micropore 

surface area 

(m² g
-1

) (<= 

0.82 nm) 

TsOH-

STC 

0.09 0.17 0.06 0.15 672 665 

TsOH-C 0.10 0.15 0.08 0.14 526 614 

CO
2
 

adsorption 

at 25 °C 

CO
2
 uptake 

at 0.15 bar 

(mmol g
-1

) 

CO
2
 uptake 

at 1 bar 

(mmol g
-1

) 

N
2
 uptake at 

0.15 bar 

(mmol g
-1

) 

N
2
 uptake 

at 1 bar 

(mmol g
-1

) 

CO
2
/N

2
 

Selectivity 

at 

1 bar 

(CO
2
/N

2
:0.

15/0.85) 

Isosteric heat of 

adsorption 

at 0.1 mmol g
-1

 

TsOH-

STC 

0.67 2.47 0.06 0.33 13.5 25 

TsOH-C 0.78 2.21 0.05 0.32 19.7 23 
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During post-combustion carbon capture processes flue gas is composed of mostly nitrogen and CO2. The 

percentage of CO2 in flue gas is between 3 and 15 % [35] and nitrogen content is around 70 % [36]. Flue 

gas is at atmospheric pressure and its temperature is in the range of 320 K and 400 K [1]. In this context, 

for the sake of understanding functionality of carbons for CO2 capture purposes, CO2 and N2 adsorption 

isotherms were obtained at 298 K (Figure 8a). Performance values are tabulated in Table 2. CO2 uptakes 

(@0.15 bar) are 0.67 mmol g-1 and 0.78 mmol g-1 for TsOH-STC and TsOH-C, respectively. CO2 uptake 

values (at 0.15 bar) can be considered moderate because as high as 1.90 mmol g-1 was reached with 

polyacrylonitrile derived KOH activated carbons [37]. In that study, nitrogen doping enabled high CO2 

affinity of carbon surface and KOH activation provided porosity. At higher pressures like 1 bar, TsOH-

STC is superior. It reached a gas uptake value of 2.47 mmol g-1, which is 0.26 mmol g-1 higher than that of 

TsOH-C. The difference is not remarkable, which is the result of effective pore size range for CO2 

adsorption. It is known that due to enhanced adsorption potential, smallest pores in the range of 

ultramicropores (˂0.7 nm) account for noticeable CO2 adsorption at elevated temperatures and low 

pressures like 0.15 bar, respectively  [11,29,38]. The similar ultamicropore volumes (0.15 cm3 g-1 for TsOH-

STC and 0.14 cm3 g-1 for TsOH-C) is reflected in similar uptake performances at 0.15 bar. Isotherms 

obtained at 273 K overlap at 0.35 bar (up to that point TsOH has slightly higher CO2 uptake). It yields a 

overlapping of pore volume plots at around 0.6 nm. Higher uptake performance of TsOH-C at 0.15 bar at 

298 K is due to having higher ultramicropore volume at around 0.6 nm. Higher performance at 1 bar for 

TsOH-STC is ascribed to higher concentration of supermicropores. The higher uptake ability cannot be 

related to small mesopores. Because TsOH-STC lacks small mesopores as shown in Figure 6b.  

 

Uptake performance is not the only required aspect of a good adsorbent. There will be a competition 

between different types of gas molecules during adsorption of flue gas mixture. So gas selectivity is an 

important aspect. IAST selectivity for CO2/N2 mixture in the ratio of 0.15:0.85 (total pressure is 1 bar) was 

calculated based on Equation (1): 

 

SIAST =
xCO2 .pN2

xN2 .PCO2

      (1) 

 

xCO2 and xN2 are the mole fraction of CO2 in adsorbed phase, respectively. PN2 and PCO2 are partial pressures 

of N2 and CO2 in gas mixture, respectively. The selectivities at flue gas conditions (@1 bar, 

CO2/N2:0.15/0.85) are 13.5 for TsOH-STC and 19.7 for TsOH-C (Figure 8b). The selectivity results are 

lower than some of the values reported in literature [16,39], but especially that of TsOH-C can be 

comparable with other carbon based adsorbents [13]. Having higher surface area is beneficial for adsorption 

of competitive gasses like N2 [24]. Therefore, superior selectivity of TsOH-C may be ascribed to lower 

surface area and lack of external surface area. Another possibility is surface basicity. If surface chemical 

structure accounts for higher selectivity, then Qst should correlate with that. Because both processes are 

related to adsorbent-adsorbate interactions [40].  

 

Qst can serve as a tool to understand the surface properties of the adsorbent, i.e, surface heterogeneity etc., 

and it was calculated by using Clausius−Clapeyron [41,42] Equation (2):       

          

𝑄𝑠𝑡 = 𝑅 
𝑇1𝑇2

𝑇2 − 𝑇1
 ln (

𝑃2

𝑃1
) (2) 

 

where T1 and T2 are the temperatures of the used isotherms, P1 and P2 are pressure values in which same 

adsorbed amount is attained in corresponding isotherms, and R is gas the constant (8.314 J K-1 mol-1 ). Qst 

as a function of surface coverage is shown in Figure 8c. At low surface coverages high energy sites are first 

occupied by CO2 molecules. Because most favorable sites are occupied firstly [11]. At high surface 

coverages lateral interactions take place (interaction between CO2 molecules).  At low surface coverages, 

maximum Qst value for TsOH-STC is 25.7 kJ mol-1 and that of TsOH750 is 24.9 kJ mol-1. As the surface 

coverage increases Qst tends to decrease for TsOH-STC. Generally Qst values tends to gradually decrease 

as site occupancy increases [24,25]. In the case of synthesized carbons, there is an increasing trend first, 
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followed by a plateau and decrease. Besides, that of TsOH-C increases at high adsorbed amounts. One of 

the reasons for the observed behavior is diffusional limitations influencing heat of adsorption [11].  

Overall, IAST selectivities differ, but Qst values at low surface coverages are similar. This implies that 

higher gas selectivity is the result of lack of external surface of TsOH-C. On the contrary, TsOH-STC has 

more polar surface due to higher oxygen content, which may be reflected in slightly higher Qst. Surface 

sulfur contents and oxidation states of sulfur species are similar for both carbons. Therefore, no deduction 

could be put forward on the effect of sulfur on CO2 adsorption in this study.  

 

 
Figure 8. (a) Adsorption isotherms of samples at 298 K and fitting curves based on dual site Langmuir 

equation (DS-Langmuir), (b) calculated IAST selectivity for CO2/N2 considering CO2 mole fraction as 

0.15 in composite gas, (c) Qst distribution for CO2 versus surface coverage based on isotherms obtained 

at 273 K and 298 K 

 

4. CONCLUSION 

 

In this study, a carbon material with 3D porous architecture was prepared by salt templating. TsOH was 

used to prepare carbon materials with or without MgCl2 salt template at 750 °C under Argon atmosphere. 

CO2 sorption behavior, textural properties, surface chemical structure were evaluated to see the effect of 

salt templating. XPS and EDS results transpired that heteroatom content in the bulk significantly different 

than that on the surface. Salt templating decreased oxygen content on the surface, and both samples possess 

oxidized form of sulfur on the surface. TsOH-C has slightly more polar surface than TsOH-STC by having 

more C-O like bonds. TsOH-C exhibited N2-phobic behavior at cryogenic temperatures due to lack of 

external surface area. On the contrary, salt templating enabled formation of hierarchical pore structure in 

TsOH-STC. At typical flue gas condition of 0.15 bar (298 K), the uptake values for TsOH-STC and TsOH-

C are 0.67 mmol g-1 and 0.78 mmol g-1, respectively. At higher pressures like 1 bar, TsOH-STC reaches 

2.47 mmol g-1, whereas that of TsOH-C is 2.21 mmol g-1. IAST CO2:N2 (0.15/0.85) selectivity of TsOH-C 

(19.7) is higher than that of TsOH-STC (13.5) at 1 bar. However, Qst values for carbons are similar: 25.7 

kJ mol-1 for TsOH-STC and 24.9 kJ mol-1 for TsOH750 at low surface coverages. MgCl2 salt templated 

synthesis lowers the gas selectivity, but does not influence CO2 binding energy on high energy active sites. 

Higher gas selectivity is the result of narrow PSD and lack of external surface of TsOH-C. TsOH-C has 

more polar surface due to higher oxygen content, which may be reflected in slightly higher Qst. Surface 

sulfur and types of sulfur species are similar for both carbons. Therefore, no deduction could be put forward 

on the effect of sulfur on CO2 adsorption in this study. Besides, it was also understood from this study that 

it is not enough to choose DFT calculation method used in adsorption that provides the least fitting error. 

There should also be an evaluation between experimental and calculated isotherms of different materials 

for a better understanding.  
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