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Abstract 

In this study, biochars obtained by either direct carbonization or hydrothermal treatment of 

corn stems were used as precursors of two series of activated carbons (ACs). The pore size 

distributions (PSDs) of biochars and ACs were evaluated from N2 and CO2 adsorption 

isotherms using models based on the two-dimensional version of the non-local density 

functional theory (2D-NLDFT). We showed that more detailed carbon PSDs might be 

obtained from simultaneous (dual) gas analysis of both N2 and CO2 isotherms than from 

single isotherms. The dual gas method showed a peak at about 0.4 nm which was not detected 

by the single N2 analysis. This fact is related to the restricted diffusion of N2 into very narrow 

micropores at low temperatures and pressures. By modifying the lower pore width limit wmin 

in the nitrogen model, we obtained an excellent fit of the dual model to both isotherms for all 

studied samples, which demonstrates the reliability and robustness of this refined method. 

Finally, we demonstrated that this approach would allow measuring N2 isotherms at relative 

pressures starting at about 0.001 rather than at 10
-6

, which would save time without losing 

resolution of the calculated PSD.  

2. Introduction  

The word biochar is often used as a generic term referring to carbon-rich materials 

obtained from various bio sourced precursors submitted to thermal treatment under inert 

atmosphere or with limited oxygen content. Historically, biochars have been used in 

agriculture to improve soil fertility [1, 2]. As porous materials, biochars or their derived 

activated carbons (ACs) find applications in water purification processes such as removal of 

heavy metal ions [3-5], organic compounds [6, 7], and other pollutants [8].  

Biochars are obtained by direct carbonization or by hydrothermal carbonization (HTC) of 

bio sourced precursors. The HTC process involves the precursor treatment at moderate 

temperatures and moderate self-generated pressures in an aqueous solution. Low-severity 

hydrothermal treatments were traditionally used to de-structure the biomass and to facilitate 

its decomposition or fractionation into constitutive fractions [9, 10]. HTC attracts the interest 

of researchers as an effective way of converting biomass into carbonaceous materials [11], 

which may be used as precursors of ACs obtained after further chemical or physical 

activation. Non-activated materials are characterized by ultra-narrow pore size distribution 

(PSD). Lignin-rich precursors, such as olive stones, produce carbons with textural 

characteristics similar to those of carbon molecular sieves [12, 13]. While those precursors 
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richer in cellulose and hemicellulose, such as agave, develop slightly broader PSDs [14]. 

HTC-derived carbons without further activation always contain a high fraction of 

ultramicropores (pores narrower than 0.7nm), although they also generally comprise a higher 

mesopore fraction than that of directly carbonized materials. The high ultramicroporous 

fraction is due to H2O, CO2, and CO evolution, acting as pore formers, during pyrolysis. 

Because of the ultramicroporous character of chars, their characterization by gas 

adsorption methods requires particularly careful analysis of the adsorption data. In a well-

known study of carbon samples obtained by carbonization of almond shells, Rodriguez-

Reinoso et al. [15, 16] attributed the extremely slow adsorption of N2 at 77 K to slow 

activated diffusion into fine micropores and narrow constrictions with widths similar to 

molecular dimeter of N2 molecules. Since such diffusion is strongly dependent on 

temperature, the CO2 adsorption at 273 K is much faster than that of N2 at 77 K even though 

both molecules have similar dimeters. Based on this fact, to overcome diffusion problems of 

N2 at cryogenic temperatures and to improve the analysis of carbon molecular sieves and 

microporous carbons, adsorption of CO2 at 273 K was often applied [17-21]. The micropore 

volume of porous carbons is usually assessed by applying the Dubinin-Radushkevich (DR) 

equation [22] to N2 or CO2 adsorption isotherms.  

In the present study, we characterize the nanopore structure of biochars and ACs derived 

from corn stigmata (CS). We use N2 and CO2 adsorption data measured on these materials 

and we apply dual gas analysis method [23] using the non-local density functional theory 

(NLDFT) models for adsorption of these gases on porous carbons. Similar methodology 

applying standard NLDFT models was described earlier [24, 25]. Here the models are based 

on the two-dimensional version of the theory (2D-NLDFT) for adsorption on heterogeneous 

carbon surfaces [23, 26, 27]. Herein, we introduced a new approach to analyze the PSD of 

biochars and ultramicroporous carbons in which the lower pore width limit wmin of the N2 

kernel is treated as an adjustable parameter. By modifying this parameter, we dramatically 

improved the quality of fit of the dual model to both isotherms measured on the non-activated 

biochars and mildly activated carbons. This parameter has a physical meaning as it provides 

an estimate of the minimum pore width accessible to N2 molecules at the measurement 

conditions. 

We show that enhanced resolution of the carbon pore structure may be obtained by using 

both N2 and CO2 adsorption isotherms than by using single isotherms, provided the new 

refined 2D-NLDFT model is used. Such highly detailed characterization of biochars and their 
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derived ACs is especially important for advanced applications such as carbon electrodes in 

supercapacitors [28], gas storage [19] or gas sensors [29, 30].  

2. Experimental  

2.1 Raw materials  

Corn stigmata (CS) were obtained from Kairouan (Tunisia). The parts of corn are the 

tassel, leaf, stalk, and silk. Corn silk comprises the stigma and style. CS are the sticky ends of 

the silk where pollen attaches. CS was washed, dried and sieved as detailed elsewhere [31] 

prior to any kind of carbonization. CS is mainly composed of cellulose, hemicellulose and 

lignin (17.7, 28.9 and 28.2 %, respectively), the rest is pectin (14.1%), and wax and grease 

(10.9%). Concerning elemental analysis, CS has similar contents of C and O (41.9 and 41.6 

wt. %, respectively), and minor amounts of H and N (5.7 and 1.5 wt. %, respectively) [31].  

2.2 Activated carbon synthesis 

Two series of ACs were prepared by physical activation of biochars with carbon dioxide. 

These biochars were obtained by two different ways:  

(i) By direct carbonization of CS, carried out using 1 g of CS, which was placed at the 

center of a horizontal furnace equipped with a quartz tube. The tube was flushed with nitrogen 

at a flow rate of 100 mL/min and heated at 1°C/min up to 900°C; the final temperature was 

held for 1h. Cooling was carried out under nitrogen flow and the resultant sample after 

pyrolysis and drying at 105°C was labelled C-CS.  

(ii) By hydrothermal treatment (HTC) of CS followed by carbonization described in (i). In 

a typical HTC experiment, 4g of CS were introduced in a glass vial containing 40g of distilled 

water, and the vial was put into a 200 mL Teflon-lined autoclave (Anton Parr). The autoclave 

was then installed for 6h in a ventilated oven pre-heated at 180°C. The choice of HTC 

conditions ensured total HTC conversion [32]. After HTC, carbonization and drying at 105°C, 

the sample was labelled CH-CS.  

In order to further develop their textural properties, biochars were physically activated with 

CO2 in a horizontal tubular furnace. 1g of either C-CS or CH-CS was placed in a quartz boat 

and transferred into a quartz tube flushed with high-purity nitrogen at a flow rate of 100 

mL/min, then heated at 5°C/min up to 900°C. Once the final temperature was reached, N2 was 

replaced by CO2 at a flow rate of 60 mL/min for 0.5, 1, or 2 hours. Next, the furnace was 

allowed to cool under nitrogen flowing at 100 mL/min. ACs were labelled by adding the 

activation time in hours to the label of the biochar precursors. For example, ACs produced 

from C-CS by activation for 0.5 or 2 h were labelled C-CS-0.5 or C-CS-2, respectively. 
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3. Results and discussion 

The textural properties of the carbon materials were determined from nitrogen adsorption-

desorption isotherms at 77 K (Fig. 1) and carbon dioxide adsorption at 273 K, using a 

Micromeritics ASAP 2020 and a Micromeritics ASAP 2420, respectively. Data were treated 

using the MicroActive software from Micromeritics. Basic textural characteristics are 

collected in Table 1. The BET method was used to determine the BET area, SBET, from N2 

isotherms. The DR micropore volumes VDR,N2 and VDR,CO2 ware determined from both 

nitrogen and carbon dioxide isotherms using Dubinin-Radushkevich (DR) method [22]. The 

total pore volume accessible by N2 adsorption, V0.97, was measured at a relative nitrogen 

pressure of 0.97.  

 

Fig. 1 – Nitrogen adsorption and desorption isotherms measured at 77 K on two carbon 

series C-CS (a) and CH-CS (b). 

It is interesting to compare the micropore volumes evaluated using the DR method from 

the isotherms of CO2 and N2 for biochars series C-CS and CH-CS. VDR,CO2 is significantly 

higher than VDR,N2 for these biochars, which is consistent with the results reported by other 

authors [18, 33] indicating reduced accessibility of fine micropores to nitrogen at 77 K.  
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Table 1. Burn-off and basic textural characteristics of the two series of carbons. 

Sample 
Burn-off 

% 

SBET,N2  

(m
2 

g
-1

) 

VDR,N2 

(cm
3 

g
-1

) 

VDR,CO2 

(cm
3 

g
-1

) 

V0.97 

(cm
3 

g
-1

) 

C-CS 75.0 47 0.02 0.14 0.03 

C-CS-0.5 85.4 555 0.21 0.22 0.29 

C-CS-1.0 93.2 839 0.31 0.24 0.42 

CH-CS 82.9 188 0.08 0.13 0.13 

CH-CS-1.0 87.9 660 0.25 0.30 0.36 

CH-CS-2.0 92.7 1110 0.42 0.34 0.56 

 

3.1 Properties of the 2D-NLDFT pore models. 

A more detailed characterization of the biochars microporosity and its development due to 

the activation process may be obtained by the NLDFT analysis of CO2 and N2 isotherms using 

the 2D-NLDFT heterogeneous surface models [23, 26, 27] for adsorption on porous carbons. 

Here we apply the same models (kernels) and parameters that were developed and described 

earlier [23]. All PSD calculations were performed using SAIEUS software [34] available at 

www.nldft.com.  

The earlier work was devoted to the PSD analysis of porous carbons in general. Here, we 

are focused on biochars and ultramicroporous carbons which require specific treatment that 

will be discussed in section 3.3 “Refinement of the PSD analysis”. 

Like in most of the PSD calculation methods, we assume the independent pore model 

which by itself does not account for connectivity. It has been an attempted [35], however, to 

use the percolation theory in conjunction with the PSDs calculated using an independent pore 

model for probe molecules of different sizes to extract an estimate of the pore network. 

Molecular sizes of CO2 and N2 are quite similar, so the PSDs calculated in the present work 

would not be suitable for the connectivity analysis.  

The parameters of the 2D-NLDFT models used in this study were derived by fitting the 

models to the experimental adsorption isotherms measured on the reference non-graphitized 

carbon black BP280 [23, 27]. It was shown [26] that N2 isotherm of this sample is in a good 

agreement with the isotherms measured on the surfaces of several non-graphitized carbon 

blacks. Based on this fact, we regard the parameters obtained from the analysis of adsorption 

data measured on BP280 as representative and suitable for use in our models. It is known that 

the oxidation or other chemical treatments [36] may change carbon surface properties, 
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however, we do not consider such effects in this study. Earlier studies, based on the standard 

NLDFT models, by Ravikovitch at al. [37] and others [24, 38] have shown relatively good 

agreement between the PSDs derived from adsorption data of gases like N2, Ar, and CO2. 

This agreement encouraged us to use a combined analysis of N2 and CO2 in the present study. 

The selected isotherms of CO2 and N2 kernels at 77 and 273 K were presented in the 

original papers [23, 27] in wide ranges of relative pressures and pore widths. Here we focus 

our attention to study the ultra micropore range of carbon porosity. To better understand the 

concept of the dual gas analysis method, we show in Fig. 2 theoretical isotherms of N2 at 77 

and CO2 at 273 K calculated for small pores of width between 0.4 and 1.0 nm. The pores of 

this range fill with N2 and CO2 at different ranges of relative pressures. For N2 it is between 

about 10
-8

 and 10
-3

, and for CO2 between 10
-3

 and 10
-1

 relative pressure. To analyze the width 

of these pores, it is necessary to measure the relevant adsorption isotherms in the relevant 

pressure ranges. 

 

Fig. 2 – Comparison of theoretical isotherms of N2 at 77 and CO2 at 273 K calculated for 

small pores of width between 0.4 and 1.0 nm.  

 

To illustrate the process of filling an ultramicropore, we present in Fig. 3 the density 

profiles of CO2 and N2 in the corrugated pore of width w = 0.4 nm calculated at increasing 

relative pressures. The curvature/corrugation of the graphene pore walls is described by a 

simple sine function: 
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where l
*
 = 6 defines the periodicity and a

*
= 0.45 is the amplitude of the corrugation. 

Symbols with asterisk x*, l
*
, and a

*
 represent the dimensionless coordinate and the 

parameters scaled by the N2 molecular diameter s = 0.36 nm.  

Fig. 3a shows gradual filling of this pore with CO2 starting in the concave parts of the pore 

where the adsorption potential is significantly enhanced due to the surface curvature. The rest 

of the pore is filled at higher pressures. As a result, the average fluid density in the corrugated 

pores increases gradually and leads to the isotherms which are free from the layering 

transition effects that cause known artifacts observed in the results obtained by using standard 

NLDFT methods [39]. For N2, we show only one density profile calculated at 10
-7

 relative 

pressure because the isotherm (Fig. 2) reaches the plateau and the densities above this 

pressures does not change significantly at this pressure. The fact that N2 reaches a near 

maximum density in a 0.4 nm pore at 77 K may have significant practical meaning. The 

highly dense fluid in the ultramicropores is likely a reason for a very slow diffusion into these 

pores observed for ultramicroporous carbons like biochars[12].  
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Fig. 3 – Density profiles of CO2 (a) and N2 (b) in the corrugated pore of width w = 0.4 nm 

calculated at increasing relative pressures.  

 

3.2 Initial PSD analysis using 2D-NLDFT models 

In the first step of our analysis, we assumed the lower pore width limit of both N2 and CO2 
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In figures 2 and 3 we present the differential PSDs and cumulative pore volumes calculated 

for C-CS and CH-CS carbon series. Three versions of the PSD and cumulative pore volume 

were calculated for each carbon sample. Two of them were obtained by fitting the relevant 

models to the individual N2 and CO2 adsorption isotherms. The third version is a result of the 

simultaneous (dual) fit [23] of these models to both isotherms.  
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Fig. 4 – Differential PSDs (a) and cumulative pore volumes (b) of C-CS series of porous 

carbons calculated using 2D-NLDFT models (assuming wmin = 0.36 nm as the lowest pore 

width limit of both N2 and CO2 kernels). 
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Fig. 5 – Same as Fig. 4 but for CH-CS series of porous carbons. 
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volumes up to 1.5 nm for this analysis, the upper limit of sensitivity for CO2 analysis is in the 

range of 0.7-1.0 nm [37]. Therefore, the results of this analysis become increasingly uncertain 

for pores wider than 1.0 nm. This means that, in general, CO2 analysis alone is not sufficient 

to describe the full range of PSD for any carbon, but when CO2 isotherm crosses N2, and the 

dual fit of N2 is higher than single, like in the case of non-activated biochars such as C-CS and 

CH-Cs (Fig 4a and 4b), the CO2 results should be considered more accurate than those of N2. 

Our PSD analysis also shows that the cumulative pore volumes derived from N2 and the 

dual gas method (Fig. 4 and 5) merge above about 1 nm for all carbons except biochars C-CS 

and CH-CS, which suggests that the ultramicropores that initially were not filled by N2 

eventually fill up at higher pressures.  

In Fig. 4, we present our results of fitting the NLDFT models to the experimental data in a 

way that may help to better understand the problem of slow diffusion affecting the N2 

adsorption analysis. All models show excellent fits to the single isotherms in this figure, but 

simultaneous fits of the models to two isotherms, in the dual analysis, deviate from the data in 

different extent, depending on the sample.  
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Fig. 6 – Single and dual model fits to the isotherms of N2 and CO2 for two series of porous 

carbons C-CS (a) and CH-CS (b) calculated using wmin = 0.36 nm. 
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CO2 are higher than those obtained from N2. As a result, the predicted (fitted) N2 isotherms 

are influenced by the experimental ones of CO2 and are statistically forced to be higher than 

the experimental ones. This, and the opposite effect on the predicted CO2 isotherms are 

pointed out by arrows in Fig. 6. As the CO2 activation progresses, the simultaneous fit of the 

2D-NLDFT models to both experimental isotherms significantly improves for both carbon 

series. Some small upwards deviations from the N2 data are still observed for C-CS-0.5 and 

CH-CS-1.0 shown in Fig. 6a1 and 6b1, but these deviations practically disappear for the ACs 

with the most developed pore structure: C-CS-1.0 and CH-CS-2.0 (Fig. 6a2 and 6b2). 

 

3.3 Refinement of the PSD analysis 

To refine our approach and resolve the existing inconsistency between the results obtained 

from N2 and CO2 analysis of biochars, we look more closely into the fitting procedure used in 

the dual gas method. It is important to understand that both kernels predict corresponding 

isotherms based on the common PSD obtained from the simultaneous fit of the corresponding 

kernels to these isotherms. When the experimental isotherm of N2 is underestimated at low-

pressure range due to a slow diffusion into narrow pores, it means that these pores physically 

do not contribute to this isotherm, but their theoretical adsorption amount is predicted by the 

N2 kernel. This causes the discrepancy between measured and calculated N2 isotherms. It 

follows that, in order to improve the agreement between these isotherms, some theoretical 

isotherms for narrow pores should be excluded from the N2 kernel. A similar approach [40] 

was applied in the PSD analysis of hierarchical zeolites using argon adsorption and mercury 

intrusion in which the theoretical kernels were zero padded outside the common pore size 

range where both methods probe the porosity. 

To test this hypothesis, we increased the lower pore width limit of the N2 kernel from the 

initial wmin = 0.36 nm to slightly higher values, and we found that with wmin = 0.5 nm we 

obtained an excellent dual fit to both N2 and CO2 isotherms for biochars (Fig. 7a and 7b). Pore 

width of 0.5 nm appears to be a reasonable limit of N2 accessibility to ultra micropores of 

non-activated biochars at low pressures and cryogenic temperatures. For activated carbons, a 

very good fit was obtained (Fig. 7) using decreasing wmin values with the increasing extent of 

activation. This trend may be explained by the fact that activation with CO2 widens the pores 

and removes constrictions blocking access to the narrowest pores. 

The value of the lower pore width limit wmin for the N2 kernel should not only be regarded 

as an additional parameter that is derived from the fitting procedure of N2 and CO2 isotherms. 

It also has a physical meaning of an estimate of the minimum pore width accessible to N2 
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molecules at the measurement conditions. In the dual gas analysis of carbons that are not 

extremely ultramicroporous the default value of this parameter wmin = 0.36 nm gives a good fit 

of the model to the data [23]. For the ultramicroporous carbons like the biochars studied in 

this work, the additional adjustment/fitting of this parameter appears to be necessary to obtain 

a good agreement between the model and the data.  

 

 

Fig. 7 – Same as Fig. 6 but using variable lower pore width limit wmin of the N2 kernel. 

 

Based on the excellent agreement of the dual model with experimental data of both gases, 

we chose this model as the most accurate and comprehensive method of the pore structure 

analysis of our biochars and activated carbons. Using this model and the pore width limits 

wmin listed in Table 2, we calculated the PSDs and cumulative pore volumes of all samples 

(Fig. 8 and 9). Table 2 also contains selected structural characteristics of all samples derived 
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from the 2D-NLDFT analysis which include specific surface area, SDual, obtained from the 

dual gas method and cumulative pore volumes calculated at different pore widths using the 

dual gas method and single isotherms. Pore volumes are denoted as Vw,Dual, Vw, N2, Vw, CO2, 

where w represents the pore width at which the volume was calculated.  

 

Fig. 8 – Differential PSDs of C-CS (a) and CH-CS (b) series of porous carbons calculated 

using dual gas method and 2D-NLDFT models. 

 

Fig. 9- Cumulative pore volumes of C-CS and CH-CS series of samples calculated using the 

same method as in Fig. 8. 

The PSDs and cumulative pore volumes calculated for samples that received similar 

treatment are similar for both series of carbons. The main difference is that C-CS samples 

show a plateau of the cumulative pore volumes (Fig. 9) in the range of larger mesopores 

between 15 and 50 nm while CH-CS samples show an increase in this range. 
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Table 2. Structural characteristics of C-CS and CH-CS carbons obtained from the 2D-NLDFT 

analysis. 

Sample 
SDual 

(m
2
g

-1
) 

V0.5 nm, N2 

(cm
3
g

-1
) 

V0.5 nm, Dual 

(cm
3
g

-1
) 

V1.5 nm CO2 

(cm
3
g

-1
) 

V1.5 nm, Dual 

(cm
3
g

-1
) 

V50 nm, N2 

(cm
3
g

-1
) 

V50 nm, Dual 

(cm
3
g

-1
) 

wmin 

(nm) 

C-CS 450 0.0 0.08 0.12 0.10 0.03 0.11 5.0 

C-CS-0.5 840 0.0 0.08 0.22 0.22 0.28 0.31 4.1 

C-CS-1.0 1010 0.0 0.05 0.32 0.29 0.40 0.41 3.6 

CH-CS 490 0.0 0.06 0.12 0.12 0.12 0.19 5.0 

CH-CS-1.0 1010 0.01 0.08 0.31 0.27 0.36 0.37 4.1 

CH-CS-2.0 1280 0.01 0.04 0.42 0.41 0.54 0.54 3.6 

 

The fact that CO2 isotherm in the dual analysis provides the most accurate information 

about narrow micropores suggests that this isotherm may be combined with N2 isotherm 

measured for the relative pressures starting at p/p0 about 0.001 rather than at 10
-6

, which 

would save the time of the N2 analysis. To demonstrate the feasibility of such an approach we 

used as an example N2 isotherm measured on C-CS-0.5 sample truncated below 0.001 p/p0 in 

combination with full CO2 isotherm. The dual analysis shows an excellent fit to shortened N2 

and full CO2 isotherms (Fig. 10a). The PSD calculated for this set of data agrees very well 

with that derived from full isotherms (Fig. 10b).  

 

Fig. 10- Dual method analysis of truncated (short) N2 and full CO2 isotherms of C-CS-0.5 

sample. (a) Fit of both isotherms. (b) Comparison of PSDs derived from the isotherms 

shown in Fig 10a and full isotherms shown in Fig. 7a1 (wmin = 0.41nm) 
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4. Conclusions 

In this study, we presented a novel approach to addressing a very difficult to characterize 

materials which are known as chars, biochars and ultramicroporous carbons. We 

undoubtedly showed that the dual gas analysis of the N2 and CO2 adsorption isotherms 

provides more detailed comprehensive information about the pore microstructure of biochars 

and activated carbons than single N2 isotherms. The PSDs of our microporous carbon samples 

calculated by the simultaneous fit of the 2D-NLDFT models to N2 and CO2 isotherms showed 

a peak at about 0.4 nm, which was also detected by CO2 but not by the single N2 analysis. 

This fact is related to the extremely slow diffusion that may significantly delay or restrict 

access of N2 into very narrow micropores at cryogenic temperatures and low pressures. 

Additional information was obtained from the cumulative pore volumes. Cumulative pore 

volumes derived from the dual method and single N2 isotherm merged above about 1 nm for 

all carbons except for biochars, indicating that ultramicropores that were not initially filled by 

N2 at low pressures eventually filled up at higher pressures of the measurement. 

In the new approach introduced in this study, the lower pore width limit wmin of the N2 

kernel is treated as an adjustable parameter. The value of wmin has a physical meaning as it 

provides an estimate of the minimum pore width accessible to N2 molecules at the 

measurement conditions. By modifying this parameter, we dramatically improved the quality 

of fit of the dual model to both isotherms measured on the non-activated biochars and mildly 

activated carbons. This modification was based on the observed interrelation between 

simultaneously fitted CO2 and N2 isotherms. An excellent fit of the dual model to both N2 and 

CO2 isotherms for all studied samples, demonstrates that this method is reliable and robust. 

Finally, since CO2 isotherm in the dual analysis provides the most accurate information 

about narrow micropores, this isotherm may be combined with N2 isotherm measured for the 

relative pressures starting at p/p0 about 0.001 rather than at 10
-6

, which would save the time of 

the N2 analysis. 

This study may become a reference for the correct textural characterization of biochars and 

carbon materials with an important fraction of porosity narrower than 0.7 nm. 
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