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ABSTRACT 

The objective of this work is to study the adsorption of a multicomponent gaseous 

mixture (acetaldehyde, formaldehyde, 2-propenal, 1,3-butadiene and benzene) in which 

the components are present at different concentration on spherical activated carbons 

(SACs). Attention is paid to the influence of the carbons’ properties on such adsorption, 

especially their porosities and distributions. For this purpose, a series of spherical 

activated carbons were prepared by physical activation with CO2 of a commercial 

spherical carbon. Their physico-chemical properties were characterized by N2 

adsorption-desorption isotherms, temperature programmed desorption and scanning 

electron microscopy. Measurements of the adsorption behavior of the volatile organic 

compounds (VOC) mixture on SACs were performed in a flow-typed fixed bed system 

at room temperature under atmospheric pressure. Regarding porosity, our results show 

that for this particular mixture SACs with narrow micropore size distribution and 

moderate porous texture development (surface area in the range of 1000 m
2
/g or even 

lower) exhibit higher multicomponent adsorption capacities than others with much 

larger porosity development. This can be explained considering that the VOC present in 

larger concentration in the mixture, aldehydes, present low adsorption affinities and its 

adsorption is enhanced in adsorbents with narrow micropore size distribution.  
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1. Introduction 

Volatile organic compounds (VOC) are gas pollutants emitted from different sources 

and processes [1,2,3]. Considering the inherently hazardous effects of VOC on the 

environment and human health, in recent years the control of these emissions has 

attracted much attention [4,5,6]. Numerous technologies have been investigated for the 

elimination of VOC, including adsorption [7,8], catalytic combustion [9], photocatalytic 

oxidation [10], biological methods [11], and others [12]. Among them, adsorption has 

always been a prominent choice because of its efficiency and relatively low cost, 

especially in procedures for recovering high-value adsorbates and for its applicability to 

low concentrations [13,14].  

 

Investigation on the removal of gaseous VOC by adsorption has focused on single 

components, mostly from the groups of ketones, aromatics and alkanes [15,16,17,18]. 

From a characterization point of view, separate adsorption of each component in the 

same concentration range is the most suitable. However, in most real applications the 

organic compounds to be adsorbed are present in different concentration ranges, as it is 

the case in our study. The experimental measurement of the multicomponent adsorption 

equilibrium in real conditions is complex and not easy to analyze and, therefore, 

literature includes few experimental data for the adsorption of multicomponent mixtures 

of hydrocarbons [19,20]. Several factors need to be considered to describe the 

adsorption of mixtures. Among them, polarity [21], boiling point [22], molecular weight 

[21], molecular size [23] and VOC concentrations in the mixture are key factors for 

engineering process design and optimization of industrial gas recovery, especially when 

the number of components exceeds two [24,25,26]. One of the most important issues in 

adsorption technology is the choice of a proper adsorbent. To date, carbon materials 

provide high adsorption capacities for different compounds, due to their hydrophobicity, 

high specific surface area and pore size distribution [27,28]. Several authors have 

studied the adsorption of VOC using ACs with different conformations, such as 

powdered activated carbons (PACs) [29], granular activated carbons (GACs) [30], 

activated carbon fibers (ACFs) [31], carbon monoliths [32] or, recently, spherical 

activated carbons (SACs) [16,17,33,34,35].    
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SACs are receiving considerable attention for their various potential advantages over 

granular or powdered activated carbons, such as high wear resistance, high mechanical 

strength, good adsorption performance, high purity, low ash content, smooth surface, 

good fluidity, good packaging, low pressure drop, high bulk density, high micropore 

volume and controllable pore size distribution [36]. All these advantages have allowed 

SACs to be used in several applications, both in gas phase [16,34,37,38] and in solution 

[39,40].   

 

The objective of this study is the adsorption of a real multicomponent gaseous mixture 

containing several compounds with different concentrations ranges (acetaldehyde (1400 

ppmv), formaldehyde (114 ppmv), 2-propenal (94 ppmv), 1,3-butadiene (87 ppmv) and 

benzene (46 ppmv)) on spherical activated carbons (SACs). These adsorbents have been 

obtained from a commercial spherical carbon supplied by Gun-Ei Chemical Industry 

(SACUA1). SACUA2 to SACUA6 have been prepared by the so-called CO2 physical 

activation of SACUA1 at different activation times. In contrast, SACUA7 is a 

commercial SAC also provided by Gun-Ei. The adsorption of each organic in the 

mixture has been analysed, paying attention to which properties of the SACs are 

influencing their performance for this application (i.e. porosity, surface chemistry,…) 

and, especially, to the influence of these parameters in the relative adsorption 

percentage of each compound in the different samples tested. 

 

2. Experimental 

2.1. Reagents used 

The VOC mixture used contains acetaldehyde (1400 ppmv), formaldehyde (114 ppmv), 

2-propenal (94 ppmv), 1,3-butadiene (87 ppmv) and benzene (46 ppmv) in air. This 

mixture was prepared using three cylinders of gases with different components provided 

by Carbagas AG. Table 1 summarizes the properties of the components and the 

concentrations employed in the experiments. 
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Table 1. Properties of components present in the VOC mixture and their final 

concentrations in the mixture. 

Component 
Molecular weight 

(g/mol) 

Boiling point 

(ºC) 

Dipolar moment 

(Debye) 

Concentration 

(ppmv) 

Acetaldehyde 44 20 2.7 1400 

Formaldehyde 30 -20 2.2 114 

2-Propenal 56 53 3.0 94 

1,3-Butadiene 54 -4 0 87 

Benzene 78 80 0 46 

 

2.2. Materials  

A commercial spherical carbon prepared from a phenolic resin by the process described 

in the Japanese Patent Publication (Kokoku) Nº 62-11611 and supplied by Gun-Ei 

Chemical Industry (Headquarters: Takasaki-shi, Gunma, Japan) has been used as the 

starting material. This material, referred to as SACUA1, has been used to prepare 

spherical activated carbons by physical activation with CO2. Also, a commercial 

spherical activated carbon from Gun-Ei, referred to as SACUA7, has been selected and 

studied.  

2.3. Preparation of activated carbons 

Activated carbons were prepared by physical activation with CO2 using the 

experimental procedure described in previously published studies [16,17]. A horizontal 

quartz furnace tube 2 m. long and 0.07 m. diameter was used, and the precursor was 

placed in a crucible. A precursor weight of 2 g., a flow of 80 ml/min of CO2, heating at 

10 °C/min from room temperature to 880 ºC and times of activation of 3, 5, 10, 15 and 

20 hours were used for preparing SACUA2 to SACUA6 samples. The nomenclature of 

the different spherical activated carbons derived from SACUA1 includes SACUA 

followed by a number that indicates the sequence from low to high activation time. 

2.4. Morphologies and densities of the materials 

Morphology of all the SACs was studied using Scanning Electron Microscopy (SEM). 

Bed density of the activated carbons (also called bulk, tap, packing density or apparent 

density) can be defined as the weight of porous solid per volume in the packing system, 

that is the adsorbent bed. This volume includes the volume of pores, both opened and 
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closed, and the space volume between the solid particles. This magnitude was measured 

using an experimental procedure similar to that described by the D2854-89 ASTM 

method [41]. In our case, the density measurement was performed with 0.5 g. of sample 

using a 10 ml measuring cylinder.  

Helium density was measured in an Accupyc 1330 pycnometer from Micromeritcs. This 

magnitude corresponds to the ratio weight of sample/volume of sample measured by 

helium, with the latter corresponding to the total solid volume including closed porosity.  

2.5. Thermogravimetric experiments 

Thermogravimetric analysis was employed to analyze the ash content in the materials. 

The experiments were performed according with the experimental procedure described 

in [42]. For thermogravimetric analysis 10 mg. of spherical carbon were used (heating 

at 10 °C/min from room temperature to 950 °C under an air flow rate of 100 ml/min in a 

SDT 2960 DSC-TGA equipment.  

2.6. Textural properties 

Textural characterization of the samples was carried out by adsorption of N2 and CO2 at 

-196 ºC and 0 ºC, respectively, using ASAP 2020 from Micromeritics and Autosorb-6B 

from Quantachrome equipment, respectively [43,44,45,46]. Before analysis, the 

samples were outgassed at 250 ºC for 4 h. The BET equation was applied to the 

nitrogen adsorption data to get the apparent BET surface area (SBET) [43,44,45]. The 

Dubinin–Radushkevich equation was applied to the nitrogen adsorption data to 

determine the total micropore volume (pores with size < 2 nm) and to the carbon 

dioxide adsorption isotherms to determine narrow micropore volumes (pores with 

size < 0.7 nm) [47]. Pore size distributions were obtained applying the non-local density 

functional theory (NLDFT) to the CO2 adsorption data at 0 °C using the software 

provided by Quantachrome [48]. 

2.7. Oxygen surface characterization 

The oxygen surface chemistry of all the samples was analyzed by means of 

temperature-programmed desorption (TPD) experiments carried out in a DSC-TGA 

equipment (TA, Simultaneous SDT 2960) coupled to a mass spectrometer (Balzers, 

http://www.sciencedirect.com/science/article/pii/S000862231400520X#b0180
http://www.sciencedirect.com/science/article/pii/S000862231400520X#b0180
http://www.sciencedirect.com/science/article/pii/S000862231400520X#b0180
http://www.sciencedirect.com/science/article/pii/S000862231400520X#b0180
http://www.sciencedirect.com/science/article/pii/S000862231400520X#b0185
http://www.sciencedirect.com/science/article/pii/S000862231400520X#b0190
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OmniStar) [49]. In these experiments, 10 mg of sample were heated up to 950 °C 

(heating rate 20 °C/min) under a helium flow rate of 100 ml/min. 

2.8. Adsorption experiments 

Adsorption studies of the multicomponent gaseous system were performed at laboratory 

scale in a fixed-bed reactor system (0.006 m inner diameter) coupled to a mass 

spectrometer (Balzers, OmniStar). The multicomponent mixture studied was constituted 

by acetaldehyde (1400 ppmv), formaldehyde (114 ppmv), 2-propenal (94 ppmv), 1,3-

butadiene (87 ppmv) and benzene (46 ppmv) in air. The gases with the required 

concentration were provided by Carbagaz AG. The adsorption temperature was 20 ºC. 

Before adsorption, the samples were outgassed at 250 ºC for 4 h. The weight of 

adsorbent was around 0.25 g and a flow of 100 ml/min of the gaseous multicomponent 

mixture was used. Through the graphical representation of the outlet concentration of 

each gas versus time the breakthrough curves can be obtained. Gravimetric adsorption 

capacity (g./100 g. SAC) was obtained by numerical integration of the breakthrough 

curves. The breakthrough time was calculated as the time at which the outlet 

concentration (C) reached 10 % of the inlet concentration (C0). 

 

3. Results and discussion 

3.1. Morphological analysis 

Morphology of spherical activated carbons has been studied using scanning electron 

microscopy (SEM). The measurement and calculation of mean particle size of the 

spherical activated carbons was performed by Origin. SEM images and the distribution 

of particle sizes are shown in Figure 1. As expected, the activation leads to a decrease in 

the mean particle [17]. Table 2 compiles information on the particle size distributions of 

the activated carbons. 
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Fig. 1 - SEM images of the samples SACUA1 to SACUA7. 
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Table 2. Particle size distributions for the activated carbons SACUA1 to SACUA7 

(obtained by Origin). 

Sample 

 

Minimum size 

(m) 

Maximum size 

(m) 

Mean size 

(m) 

Standard deviation 

(m) 

SACUA1 425 675 531 86 

SACUA2 350 450 395 32 

SACUA3 300 450 351 46 

SACUA4 240 338 299 24 

SACUA5 225 325 288 26 

SACUA6 200 285 252 23 

SACUA7 100 225 158 32 

 

From Figure 1 and Table 2 it can be concluded that after activation, the morphology of 

the activated carbons remains spherical, while mean particle size decreases with 

increasing activation times. According with Table 2, SACUA7 has the lowest mean 

particle size from the SACs, in the range of 160 m. 

3.2. Thermogravimetric analysis 

 The ash content of the materials was calculated from this analysis. All these SACs have 

very low ash content (<0.05%), ruling out the possible complexities associated with 

catalytic reactions. This analysis (see Supplementary Material) also confirm that the 

SACs start to burn in air at quite high temperature (above 550 ºC), indicative of their 

thermal stability. This is an important issue if considering their application in industry. 

Also, as shown in the S.I., SACs decomposition occurs in one stage.  

3.3. Textural characterization 

Figure 2 shows the N2 adsorption isotherms and Table 3 compiles the activation times 

and textural properties of all the samples. N2 adsorption at low relative pressures in 

sample SACUA1 is negligible, which can be explained due to diffusional problems of 

nitrogen at this temperature in the narrow microporosity of this sample. From the 

nitrogen isotherms the microporous character of all the SACs can be clearly remarked. 

Isotherms are type I, with the major N2 adsorption uptake occurring at relative pressures 

lower than 0.1, being the adsorption almost constant at higher relative pressures.  
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Fig. 2 - N2 adsorption-desorption isotherms at -196 ºC of spherical activated carbons 

SACUA1-SACUA7 obtained in the ASAP 2020 from Micromeritics. 

 

 

Table 3 also reveals some points: (1) the spherical carbon precursor used (SACUA1) 

can easily be activated with CO2, allowing the preparation of spherical activated 

carbons with a wide range of adsorption capacities (apparent BET surface areas and 

total micropore volumes) [16] as a function of the activation time; (2) both total and 

narrow micropore volumes develop with the activation time. However, (3), the larger 

the activation extent, the wider the micropore size distribution, as indicated by VDRCO2 

-VDRN2. Note that a small difference between both micropore volumes indicates that 

most micropores of the sample are narrow with a mean pore size close to 0.7 nm, 

whereas the larger the difference VDRCO2 -VDRN2, the wider mean micropore size and 

distribution.  
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Table 3. Textural properties and densities of the spherical activated carbons. 

Sample 

Activation 

time  

(h) 

SBET 

(m
2
 g

-1
) 

VDRN2     

(cm
3
 g

-1
) 

VDRCO2 

(cm
3
 g

-1
) 

VDRCO2 -

VDRN2 

(cm
3
 g

-1
) 

Mean  

pore 

size  

 (nm)* 

Bed 

density 

(g
 
cm

-3
) 

Helium 

density 

(g
 
cm

-3
) 

SACUA1  - 200 0.004 0.21 0.206 0.52 0.85 2.04 

SACUA2  3 521 0.25 0.28 0.03 0.62 0.80 2.60 

SACUA3  5 671 0.33 0.32 -0.01 0.62 0.76 2.77 

SACUA4  10 950 0.47 0.42 -0.05 0.70 0.67 2.82 

SACUA5  15 1227 0.60 0.50 0.10 0.84 0.62 2.98 

SACUA6  20 1597 0.76 0.55 -0.21 0.94 0.53 2.97 

SACUA7  - 2125 0.86 0.62 -0.24 1.09 0.45 2.39 

* Mean pore size for spherical activated carbons, obtained applying the non-local 

functional theory (NLDFT) to CO2 adsorption isotherms. 

 

 

Figure 3 includes the pore size distributions obtained applying the non-local density 

functional theory (NLDFT) to the CO2 adsorption data at 0 ºC for these ACs. This 

figure shows that porosity widens with the increase in the activation, both porosity 

distribution and mean pore size, included in Table 3, in agreement with what was 

observed from VDRCO2 -VDRN2 data. Thus, the sample with smallest mean pore size is 

SACUA1, the one used as precursor for preparing SACUA2 to SACUA6.  

 

Fig. 3. Pore size distributions obtained applying the non-local density functional theory 

(NLDFT) to the CO2 adsorption data at 0 ºC for spherical activated carbons SACUA1-



11 

SACUA7. Note that due to the low porosity of SACUA1 sample, its pore size 

distribution corresponds to a different scale (dashed line, secondary axis). 

The results obtained from this figure complement the comments deduced above: (i) the 

microporosity of pristine SACUA1 develops upon activation and (ii) as expectable, with 

the increase in the degree of activation the micropore size distributions widen [16]. 

 3.4 Densities of materials 

Table 3 also presents the bed density of all SACs, defined as the mass of a unit of 

volume of the carbon material in air, including both porous system and the voids among 

the particles. This is an important variable for adsorption applications; it is important to 

obtain materials suitable textural properties together with high bed densities [17]. 

Changes in the bed density as a function of the degree of activation can be observed 

from Table 3 and Figure 4. As expected, bed density decreases with the increase in the 

degree of activation, and a well-defined relationship between both parameters can be 

found (see squares in Figure 4).  

Regarding helium density, it increases with the degree of activation, from 2.04 to 2.97 

g·cm
-3

, in contrast with the bed density, which decreases from 0.85 to 0.45 g cm
-3

. This 

is all in agreement with the fact that the resulting activated carbons have developed their 

porosity. It is important to remark that helium density of commercial SACUA7 is lower 

than those of spherical carbons prepared from SACUA1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 - Relationship between surface areas and densities of SACs (bed density and 

Helium density). 
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3.5. Surface chemistry characterization 

The amounts of surface oxygen groups on these spherical activated carbons, which are 

released in the form of CO2 and CO, have been determined by TPD, and are 

summarized in Table 4. 

Table 4. Surface oxygen contents for the different spherical activated carbons. 

Sample CO (µmol g
-1

) CO2 (µmol g
-1

) OTOTAL (µmol g
-1

) 

SACUA1 258 458 1174 

SACUA2 92 530 1153 

SACUA3 80 430 939 

SACUA4 76 513 1102 

SACUA5 256 522 1300 

SACUA6 172 293 759 

SACUA7 896 612 2119 

 OTOTAL = CO + 2CO2                    ٭

 

Some differences in the surface chemistry of these materials are observed. In general, 

the total oxygen contents are below 1300 µmol g
-1

, being remarkable the high oxygen 

content in sample SACUA7 (2119 µmol g
-1

) and the low content in SACUA6 (759 

µmol g
-1

). The low amount of surface oxygen groups for the spherical activated carbons 

prepared from SACUA1 (SACUA2 to SACUA6) in comparison with commercial 

SACUA7 makes these ACs interesting for their application for the adsorption of non-

polar organic compounds [34]. 

We have no information about SACUA7 preparation conditions, which can be very 

different to those used for preparation of SACUA2 to SACUA6. Its high oxygen 

content and the low content in SACUA6, despite their similar porosity development, 

suggests that SACUA7 was prepared by steam activation in contrast to our prepared 

samples, activated with CO2. 

3.6. Adsorption of gases from a multicomponent system 

A complex VOC gaseous mixture (100 ml/min flow rate) containing five organic 

compounds from different nature and in different concentrations, from 46 to 1400 

ppmv, was used in the adsorption tests. Inlet and outlet flow rates have measured and 
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they are coincident, which highlights one of the advantages of the selection of spherical 

activated carbons for gaseous phase applications. An example of an adsorption 

breakthrough experiment is shown in Figure 5. 

 
 

 

 
Fig. 5 - Breakthrough curves of gases adsorption plotted versus time for sample 

SACUA2. tx is breakthrough time at which the outlet concentration reaches the 10 % of 

the inlet concentration. 
 

 

As expected, Figure 5 shows differences in the adsorption of these organic compounds. 

A very low amount of acetaldehyde and, especially, formaldehyde are adsorbed, 

whereas 1,3-butadiene, 2-propenal and benzene are adsorbed up to a larger extent. 

 

In principle, the low formaldehyde adsorption was a surprising result. This compound 

was the least adsorbed one from those in the adsorption mixture, and this result was 

observed for all the SACs and in repeated (reproducibility) tests. Previous data from the 

adsorption of single formaldehyde gas from the literature have shown an appreciable 

adsorbed amount of this compound, which is influenced by the adsorbent textural 

properties but, especially by its surface chemistry [50]. However, the results obtained in 

the present study highlight that formaldehyde and acetaldehyde are absorbed up to a low 

extent. To explain these facts, especially, the low formaldehyde adsorption, it should be 
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recalled that the adsorption capacity of an activated carbon for an adsorbate depends, 

among others, on the adsorbate molecular weight and boiling point [51] and, according 

to Table 1 formaldehyde presents the lowest values of these parameters from all the 

studied adsorbates. This, together with the facts that: 1) formaldehyde is present at 10 

times lower concentration than acetaldehyde and 2) the spherical activated carbons 

prepared show low surface chemistry contents explains the low formaldehyde 

adsorption capacities.  

 

Figure 5 shows that 2-propenal, another aldehyde present in similar concentration as 

formaldehyde, is adsorbed up to a larger extent, which can be explained according to its 

physicochemical properties [51], such as its high boiling point (see Table 1).  

 

Figure 5 confirms that breakthrough times for 2-propenal (10.1 h), 1,3-butadiene (8.3 h) 

and benzene (13.5 h) are larger than for acetaldehyde. However, it should be highlighted 

that their adsorption capacities depend, as well, on their concentrations.  

 

Figure 5 also shows for 1,3-butadiene a common phenomenon occurring in 

multicomponent adsorption processes, so called roll-up. This phenomenon occurs when 

the concentrations of one/several component/s at the outlet of the fix bed exceed their 

inlet levels [52]. Some 1,3-butadiene desorption occurs due to the displacement by other 

compounds that are more strongly adsorbed, such as 2-propenal and benzene.  

 

Figure 6 compiles the gravimetric adsorption capacity of each compound, in grams of 

the organic compound per 100 g. AC, calculated by numerical integration of the 

breakthrough curves obtained for each AC. 
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This figure shows that the four organic compounds are adsorbed up to a considerable 

extent in the ACs, being gravimetric adsorption capacities very different depending on 

the AC. In general, the adsorption capacity increases for more developed porosity in the 

materials, up to maximum value. Then, the adsorption capacity decreases with the 

activation degree. In relative terms, and without taking into consideration differences in 

their concentrations, acetaldehyde is “preferentially” adsorbed in SACs with low-

moderate porosity in comparison to other compounds, whereas benzene is mostly 

adsorbed for SACs with more developed porosity. This conclusion underlines the 

influence of pore size distribution in the preferential adsorption of some compounds 

over others.  

 

Considering the molecular weight of each organic compound, molar adsorption 

capacities were also obtained, and are compiled in Table 5.   
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Table 5. Molar adsorption capacity of each organic compound on the different SACs. 

Sample 

Acetaldehyde 2-Propenal 1,3-Butadiene Benzene Total amount 

mmol/100g  

AC 
mmol/100g AC 

mmol/100g  

AC 
mmol/100g AC 

of VOC 

mmol/100g AC 

SACUA1 67 34 16 11 128 

SACUA2 160 16 45 54 275 

SACUA3 179 76 48 70 373 

SACUA4 143 88 54 96 381 

SACUA5 160 79 56 107 402 

SACUA6 112 67 49 135 363 

SACUA7 74 33 29 128 264 

 

 

From results of Table 5, several conclusions can be extracted:  

- The molar adsorption capacities are very different depending on the AC. 

The relative order of molar adsorption capacity, that is the compounds that 

adsorbed up to higher or lower extent, is also different depending on the AC, 

although some similarities are found. Thus, for most samples the highest molar 

adsorption capacity is that for acetaldehyde, except for SACUA6 and SACUA7. 

For these two samples, benzene is the most abundantly adsorbed compound in 

molar terms, although it is the one present in the mixture in the lowest 

concentration. These results highlight even more the fact the properties of the 

AC influence the preferential adsorption (and/or the adsorption displacement) of 

some organic compounds over others, despite the differences in the 

concentration of these compounds. This can be clearly concluded from the 

Scheme 1, which organizes, for each AC, the compounds from higher to lower 

molar adsorption capacities: 
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Largest molar adsorption capacity 

 

Lowest molar adsorption capacity 

SACUA1 Acetaldehyde 2-Propenal Butadiene Benzene 

SACUA2 Acetaldehyde Benzene Butadiene 2-Propenal 

SACUA3 Acetaldehyde 2-Propenal Benzene Butadiene 

SACUA4 Acetaldehyde Benzene 2-Propenal Butadiene 

SACUA5 Acetaldehyde Benzene 2-Propenal Butadiene 

SACUA6 Benzene Acetaldehyde 2-Propenal Butadiene 

SACUA7 Benzene Acetaldehyde 2-Propenal Butadiene 

Scheme 1. Classification of the higher to the lower molar adsorption capacity-adsorbed 

compounds in the different ACs. 

 

- Keeping in mind the similarities in surface chemistry of SACUA1 to SACUA5, 

with total surface oxygen contents in the range of 1100 micromol/g, and 

considering the total surface oxygen contents for SACUA6 and SACUA7, 759 

and 2119 micromol/g, respectively, the different preferential adsorption of some 

compounds respect to others is not provoked by differences in surface 

chemistry. Note the different adsorbed compounds relative order in SACUA2, 

SACUA3 and SACUA4, as an example. Differences in porous texture (in mean 

pore sizes, pore volumes and/or porosity distributions) are strongly influencing 

the obtained results, what remarks the need of a suitable characterization of 

these ACs properties.  

- The total molar adsorption capacity of the five compounds has been calculated 

for the different adsorbents, showing this order: SACUA5 > SACUA4 > 

SACUA3 > SACUA6 > SACUA2 > SACUA7 > SACUA1. Surprisingly, if the 

goal is to adsorb the highest (molar) amount of VOC, optimum adsorbents are 

not those showing the largest porosity development, but some with moderate 

porosity development and, probably, more appropriate porosity distributions.   

 

One important issue that has to be considered is the fact that the organic compounds 

are present in the mixture in very different concentrations (i.e. 1400 ppmv for 

acetaldehyde and 46 ppmv for benzene). With the purpose of considering this, the 
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molar adsorption capacities have been referred to the concentrations of each organic 

compound; that is these adsorption capacities have been normalized to their 

concentration in the gaseous mixture. This leads to some information respect to the 

percentage of the adsorbed organic compound respect to its initial concentration. 

Figure 7 shows this normalized adsorption efficiency for each organic compound in 

the corresponding SAC.   
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Fig. 7 - Normalized adsorption efficiency of each organic compound in the 

corresponding AC. 

 

Figure 7 let us conclude that, in general, benzene (46 ppmv) is the most efficiently 

adsorbed organic compound, followed by 2-propenal (94 ppmv) and 1,3-butadiene (87 

ppmv), whereas the adsorption of acetaldehyde, present in larger concentration (1400 

ppmv), is less favored. Therefore, from this data the general relative order of the 

adsorption efficiencies can be concluded/established: 

 

Benzene > 2-Propenal > 1,3-Butadiene > Acetaldehyde. 

This relative order agrees very well with the molecular weight of these VOC and with 

their boiling points (see Table 2). Note that these trends are more easily comparable for 
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2-propenal, benzene and 1,3-butadiene, whose concentrations in the gas phase are in the 

same order of magnitude.  

The adsorption capacity for each organic compound has been calculated in Table 6 

assuming that they are adsorbed as liquids in the micropores of SACs (using the liquid 

density of each organic compound), as it has been done in previous publications 

[16,17]. Additionally, and considering the volumes of both total micropores (VDRN2) and 

narrow micropores (VDRCO2) for each SAC, the ratio of such micropore volumes (total 

or narrow ones) occupied by the organic compounds adsorbed as liquids are also 

presented in Table 6.  

SACUA4 shows the largest total amount of VOC adsorbed in liquid form, 0.1087 

cm
3
/g, followed by SACUA5, whereas the largest percentage of both total and narrow 

micropore volumes occupied by the adsorbed VOC takes place in SACUA3 followed 

by SACUA4. These results remark again that although often in the literature the 

purpose is to obtain as highly activated carbons as possible, it is important to consider 

that depending on the goal, moderate porosity developments are preferred. This is 

explained considering that they lead to good bed densities and narrow micropore size 

distributions, much more interesting for applications/conditions such as the one/s being 

explored.     
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Table 6. Adsorption capacity for each organic compound on the different SACs expressed as liquids, total adsorption capacities in liquid form 

and ratios between total adsorption capacities in liquid form and total or narrow micropore volume, respectively. 

Sample 
Acetaldehyde 

(cm
3
/g AC) 

2-Propenal 

(cm
3
/g AC) 

1,3-Butadiene 

(cm
3
/g AC) 

Benzene 

(cm
3
/g AC) 

Total 

adsorbed 

(cm
3
/g AC) 

VDRN2 

(cm
3
/g) 

VDRCO2 

(cm
3
/g)  

 

SACUA1 0.0009 0.0004 0.0003 0.0001 0.0017 0.00 0.21 41.32 0.79 

SACUA2 0.0020 0.0190 0.0007 0.0006 0.0224 0.25 0.28 8.96 8.00 

SACUA3 0.0023 0.0910 0.0008 0.0008 0.0948 0.33 0.32 28.77 29.67 

SACUA4 0.0018 0.1048 0.0009 0.0011 0.1087 0.47 0.42 23.13 25.88 

SACUA5 0.0020 0.0941 0.0009 0.0012 0.0982 0.60 0.50 16.38 19.66 

SACUA6 0.0014 0.0803 0.0008 0.0015 0.0840 0.76 0.55 11.06 15.28 

SACUA7 0.0009 0.0398 0.0005 0.0015 0.0427 0.86 0.62 4.97 6.90 
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3.6.1. Effect of porosity in the adsorption of the VOC mixture 

To analyze the effect of the textural properties, the molar adsorption capacity for each 

component has been plotted versus the BET surface area, total micropore volume and 

narrow micropore volume (Figure 8). 
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Fig. 8 - Relationship between textural properties of materials, SBET, VDRN2 and 

VDRCO2, and molar adsorption capacity of each compound. (a, b, c) Acetaldehyde, 

(d,e,f) 2-Propenal, (g,h,i) 1,3-Butadiene, (j,k,l) Benzene. 

 

Firstly, Figure 8 shows that, in agreement with what was commented above, 

acetaldehyde appears to have two maximum peaks for samples SACUA3 and SACUA5. 

This result indicates that SACs with moderate textural properties could enhance the 

adsorption capacity for this component. 

Secondly, an adsorption maximum for 2-propene exists for SACUA4, whereas 

maximum 1,3-butadiene adsorption takes place in SACUA5, emphasizing that SACs 

a b c 

d e f 

g h i 

j k l 
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with moderate textural properties are the most suitable for the adsorption of these 

components. 

Thirdly, from Figure 8 it can also be seen that benzene adsorption capacity increases 

when the textural properties of the SACs materials (i.e. SBET, VDRN2 and VDRCO2) 

improve. It can also be concluded that benzene adsorption capacity is linearly correlated 

with such textural properties of materials, especially; it has a better correlation with the 

total microporosity (VDRN2).  

It could be said that higher benzene adsorption capacity (benzene concentration of 46 

ppmv) could be related with its non-polar nature. The SACs prepared have low surface 

oxygen groups content (see Table 4), being these materials adequate for the adsorption 

of this gas in these conditions (low concentration), due to affinity between the 

properties of adsorbate and the surface of the material.  

The obtained benzene adsorption results agree with those from previous publications 

[53,54], showing that porosity and pore size distribution have an important 

microporosity and low surface chemistry [53,54]. According to these papers, the 

micropore volume seems to be one of the most important parameters affecting benzene 

adsorption at low concentration; a linear relationship between the VOC adsorption 

capacity and the micropore volume exists, especially for benzene [53,54]. Respect to the 

importance of surface oxygen groups, when reducing the content in these groups the 

activated carbons have higher benzene adsorption capacity [53]. 

However, not such clear relationship between their adsorption capacities with the SACs 

textural properties exist if focusing on other compounds. For this reason, and 

highlighting that some of the obtained results have shown that SACs with moderate 

porosity have shown maximum adsorption capacity values for acetaldehyde, 2-propenal 

and 1,3-butadiene, other factors should be considered.  
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3.6.2. Discussion of the adsorption of the VOC mixture normalized to the surface area 

of the adsorbents. 

To eliminate the influence of the BET surface area, and try to better understand the 

obtained results, the adsorption capacities of VOC in mixture have been normalized to 

BET surface area of the SAC, namely the normalized molar adsorption capacity per unit 

surface area (Q). The Q values for the different SACs are reported in Table 7. 

Table 7. Some features of the porous texture characterization and normalized molar 

adsorption capacities per unit of surface area for the organic compounds in the different 

SACs. 

Sample 
SBET 

(m
2
/g) 

Mean 

pore 

size 

(nm) 

Q 

(µmol/m
2
) 

 

Acetaldehyde 
2-

Propenal 

1,3-

Butadiene 
Benzene Total  

SACUA1 200 - 335 170 80 55 640 

SACUA2 521 0.62 307 31 86 104 528 

SACUA3 671 0.62 267 113 72 104 556 

SACUA4 950 0.70 151 93 57 101 402 

SACUA5 1227 0.84 130 64 46 87 327 

SACUA6 1597 0.94 70 42 31 85 228 

SACUA7 2125 1.09 35 16 14 60 125 

Q: Molar adsorption capacity normalized to surface area (µmol/m
2
). 

When normalizing the molar adsorption to surface area, the SACs with low-moderate 

surface area exhibit the best performances in global terms (if focusing on total molar 

adsorption capacity), governing acetaldehyde, 2-propenal and 1,3 butadiene this 

behaviour. Especially for acetaldehyde and 2-propenal, the larger the porosity 

development, the lower the molar adsorption per unit of surface area. In contrast for 

benzene, maximum Q values are obtained with SACs with intermediate porosities.  

In principle, it might seem difficult to explain these results. Let us remind that the molar 

adsorption capacities are normalized to the surface area of the SACs. However, they can 

be well-understood if focusing on the different pore size distributions in the SACs, 

exemplified by the mean pore sizes compiled in Table 7. When the compounds have 

large affinity to carbon, such as benzene, it is not so crucial to have adsorbents with 

very narrow porosity distributions, and their maximum adsorption capacities are 

achieved with carbons presenting intermediate pore size distributions. In contrast, for 

lower adsorption affinities (acetaldehyde, 2-propenal), the highest molar adsorption 
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capacities are obtained with low porosity developments because of the smaller mean 

pore sizes, that lead to higher adsorption potential for such low sized micropores. 

4. Conclusions 

The present work deals with physical activation process (CO2) of a commercial 

spherical activated carbon and the use of these materials for adsorption of 

multicomponent gaseous mixture with different concentrations. The SACs prepared 

maintain the spherical morphology after activation process.  However, the mean particle 

size and bed density, as expected, decreased when the porosity was developed. The 

spherical activated carbons derived from SACUA1 have developed the microporosity, 

obtaining surface areas up to 1600 m
2
/g with the micropore volume and narrow 

micropore volume of 0.76 cm
3
 g

-1
 and 0.55 cm

3
 g

-1
, respectively.  

 

The factors governing adsorption of the VOC mixture onto spherical activated carbons 

were discussed, and the following conclusions can be highlighted: 

 

- The adsorption capacities obtained are very different, keeping in mind the 

different nature and concentration of each component. Benzene is the most 

efficiently adsorbed organic compound, as a result of its physical properties, 

such its higher molecular weight (boiling point) and its lower polarity (see Table 

1), followed by 2-propenal and 1,3-butadiene, whereas the adsorption of 

acetaldehyde, present in larger concentration, is less favored. Formaldehyde 

adsorption from this mixture is negligible, being boiling point/molecular weight 

(see Table 1) two of the adsorbate properties that provide information about the 

affinity adsorbate-carbon and explain the acetaldehyde and formaldehyde 

adsorption results. It must be recalled that most SACs present low surface 

oxygen contents, which favor the adsorption of non-polar adsorbates.  

- Linked to this, the different preferential adsorption of some compounds respect 

to the others is not provoked by differences in surface chemistry, since most 

activated carbons have similar surface oxygen groups’ contents. Mean 

micropore sizes, micropore volumes and porosity distributions considerably 

affect the adsorption process. 
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- The total molar adsorption capacity of the VOC mixture for the different 

adsorbents shows this order: SACUA5 > SACUA4 > SACUA3 > SACUA6 > 

SACUA2 > SACUA7 > SACUA1. Surprisingly, if the goal is to adsorb the 

highest amount of VOC, optimum adsorbents are not those showing the largest 

porosity development, but some with moderate porosity development and 

suitable porosity distributions. 

- When normalizing the molar adsorption to surface area, the SACs with low-

moderate surface area exhibit the best performances in global terms, governing 

acetaldehyde, 2-propenal and 1,3 butadiene this behaviour. For benzene, in 

contrast, maximum Q values are obtained with SACs with intermediate to large 

porosity developments.  

- Boiling point/molecular weight are important parameters, which have to be 

taken into account to study the adsorption of a gaseous VOC mixture. These 

properties influence the affinity of the organic compounds for being adsorbed on 

SACs, and they are linked to the most suitable pore size distributions to enhance 

their adsorption capacities. 

All these results highlight that depending on the goal, it is important to consider that 

moderate porosity developments, which usually lead to good bed densities and narrow 

micropore size distributions, can be much more interesting than more developed porous 

textures. Thus, our results have shown that moderate porosity developments (in the 

range of 1000 m
2
/g) are preferred if the desired target is to achieve as high molar 

adsorption capacities as possible (and the gas mixture has some similarities with the one 

studied). Hence, when organic compounds with low affinities are the main components 

in a gaseous mixture, such low-moderate porosity ACs (with narrow micropore size 

distribution) enhance the adsorption potential. In contrast, if organic compounds with 

large affinities would be the main components in a gaseous mixture to be adsorbed (i.e. 

benzene would be the main component and/or present in the largest concentration, ACs 

with more developed porosities and larger micropore size distributions would likely be 

preferred. 
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Supplementary Material. 

Supplementary material shows details about thermogravimetric analysis of the prepared 

SACs.  
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