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A B S T R A C T   

Residual biochar has the potential to replace commercial carbons even in highly specialised applications, 
presuming further advances in the engineered biochar production. Optimising biomass conversion requires 
dynamic feedback on the resultant char porosity, but investigation of pore size distribution (PSD) in pyrogenic 
carbons is challenging due to their extremely ultramicroporous nature. The most common probe molecule used 
in gas adsorption methods, N2, is often unable to access the narrowest pores, while CO2 can analyse only pores 
<10 Å. 

We propose an approachable way to evaluate PSD of ultramicroporous carbons by simultaneously fitting the 
2D-NLDFT (two-dimensional non-local density functional theory) kernels to the CO2 and O2 isotherms. Using O2 
as the probe molecule allowed collecting isotherms for the ultramicroporous pyrolytic char, for which a negli
gible adsorption of N2 was observed. For the more activated, gasification chars, reaching equilibrium for N2 
adsorption took up to 8 h for some datapoints. O2 adsorption was much faster, resulting in the total runtime more 
than two times shorter than for the N2 tests. 

By analysing chars from the semi-pilot scale gasifier, we confirmed the dependence of the char structure on the 
process parameters, but we also suspect a strong influence of the reactor design.   

1. Introduction 

Residual char from thermal conversion of biomass has found 
numerous applications, amongst other, as a green alternative to the 
commercial activated carbons [1–4]. An abundant and affordable ma
terial, its utilisation in, e.g., catalysis, filtration, or electrochemical 
processes has been intensely investigated [3,5–9]. 

Despite many advantages, working with biochar remains challenging 
due to its extreme heterogeneity [10]. Depending on the feedstock and 
the parameters of the conversion process, the final product might be 
hydrophobic of hydrophilic, have more acidic or basic active sites [11]. 
Carbon planes arrangement and aromaticity, and the extent of pore 
development and surface area might also differ significantly [12–15]. 

Many factors influence biomass carbonization – even the well- 
recognized trends in char formation may not be sufficient to success
fully predict the properties of the final product [10,11]. The lack of 

consensus on how to evaluate surface area and pore distribution, and the 
discrepancies between the results obtained with different methods, leads 
to a further disarray [16]. 

Finding the best approach to pore assessment should account for the 
properties of the carbon lattice (e.g., surface energetical heterogeneity) 
as well as the range of pore sizes that dominate the distribution. 
Following IUPAC report [17], the main classes of pores that can be 
analysed with gas adsorption methods include ultramicropores (<7 Å), 
supermicropores (7–20 Å), and mesopores (20–500 Å). The narrowest 
pores are the most challenging when selecting the appropriate probe 
molecule for the adsorption analysis. Access to these structures is limited 
not only by the kinetic diameter of the probe molecule, but also by its 
interactions with the carbon surface, and the connectivity of the pores, 
which might further hinder diffusion into the smallest cavities [16,18, 
19]. 

Pyrogenic carbons, such as chars form biomass pyrolysis or gasifi
cation, are extremely microporous materials [18,20]. Even gasification, 
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which develops some mesopores in the char, does not expand all the 
pores, maintaining the dominating contribution of ultramicropores in 
the total surface area [18]. Hence, the main stress during pyrogenic 
carbon structure investigation should be placed on the suitable probe 
molecules selection. 

Adsorption of CO2 at 273 K is particularly convenient for the analysis 
of carbon molecular sieves and microporous carbons [21,22], as it easily 
enters ultramicropores. However, it was determined that this probe 
molecule can be used to measure pores up to 10 Å [19], thus it is typi
cally used in tandem with another compound to obtain complete pore 
size distribution in the range of 3.6–500 Å. N2 is usually used as the 
second molecule, its isotherm fitted simultaneously into a dual model. 
However, with the restricted access to the pores, N2 measurement at low 
partial pressure is extremely time-consuming and often inaccurate. On 
the other hand, using O2 at cryogenic conditions has recently gained 
interest due to a much lower quadruple moment, which speeds up the 
analysis [20,23,24]. So far, the use of O2 has been studied to analyse 
carbon sieves and carbon blacks [25], or carbons synthesised from 
organic precursors such as phloroglucinol/glyoxylic acid or glucose 
[24]. Recently, Blankenship et al. [20] examined biomass-derived car
bons from hydrothermal carbonization of sawdust. For the pore size 
distribution (PSD) calculations in these works, O2 was used as a stand
alone gas [24] or has been coupled with the H2 adsorption isotherm to 
better characterize ultramicropores [20,25]. Although H2 has smaller 
diameter and quadrupole moment than CO2, its high flammability and 
permeability might constrain hydrogen use in the less advanced gas 
adsorption analysers. 

In this work, we examine the combination of widely used CO2 and 
yet less conventional O2 probe molecules. We simultaneously fitted dual 
two-dimensional non-local density functional theory (2D-NLDFT) 
models dedicated to carbons with heterogenous surface [26] to the 
adsorption isotherms measured with these gases. Such approach is 
aimed at convenient characterisation of residual biochar from industrial 
processes. 

Diversity of biochar properties requires their characterisation with 
each modification or scale-up of the biomass conversion process. Hence, 
a consistent, time-efficient, and accessible method for pore size distri
bution for biochar comparison would be desirable. 

To assess the proposed CO2 & O2 isotherms combination and its 
applicability to chars with different pore accessibility, we examined 
chars sampled from the semi-pilot two-stage gasifier developed at the 
Technical University of Denmark (DTU). This reactor comprises two 
units – the first produces pyrolytic char, which is subsequently activated 
in the second unit. Char was collected after each of these steps, giving a 
set of two samples (pyrolytic and gasification char) for each test run. The 
char sets from four tests, differing in gasifying agent and temperature, 
were investigated. 

This way, we were able to examine extremely ultramicroporous 
chars from pyrolysis, as well as the more open-structured gasification 
chars. With these versatile samples we were able to validate the appli
cability of the CO2 & O2 dual model for pyrogenic carbons evaluation. 

Meanwhile, following the fate of the char between the steps of py
rolysis and gasification provided an insight into the transformation of 
this material during interactions with the gasifying agents (steam and 
CO2). Applying different gasification conditions allowed evaluating the 
sensitivity of the char structure development to the selected process 
parameters and highlighted the significance of the reactor’s design. 

2. Experimental 

2.1. Char preparation and characterization 

Residual char obtained from straw pellet gasification was used to 
investigate pore development assessed with the gas adsorption method 
using different probe molecules. The straw conversion was performed in 
the semi-pilot-scale two-stage gasifier with 50 kW thermal output 
(Fig. 1). In this reactor, developed at DTU, biomass devolatilization (1st 

stage) is separated from the following volatiles-char interactions (2nd 

stage). The first process occurs in the screw pyrolysis unit, externally 
heated with hot gases to 600 ◦C. Here, under N2 flow, volatiles and gases 
are released from the biomass, leaving solid residue, i.e., the pyrolytic 
char. All the pyrolysis products are then directed into the downdraft 
gasifier. Air, and optionally steam, are fed from the top of the gasifier, 
where they partially oxidize the volatile compounds. The temperature in 
the gasifier (900, 950, or 1000 ◦C) is controlled by the air supply 
adjustment. The pyrolytic char, propelled by the pyrolysis unit’s screw, 
falls down this high-temperature zone to the bottom of the gasifier, 
where it accumulates as a fixed bed (note that the bed temperature is 

Abbreviations and symbols 

2D-NLDFT Two-dimensional non-local density functional theory 
DTU Technical University of Denmark 
IUPAC International Union of Pure and Applied Chemistry 
PSD Pore size distribution 
SAIEUS Solution of Adsorption Integral Equation Using Splines 
SI Supplementary Information 
wmin Lower pore width limit, Å 
V Total pore volume, cm3/g 
S Total surface area, m2/g  

Fig. 1. Schematic of the two-stage gasifier at DTU (based on [27]).  

Table 1 
Parameters of gasification experiments and abbreviations assigned to the char 
samples.  

Exp. Gasification 
temperature 

Steam (kg water/ 
kg feedstock) 

Pyrolytic 
char a) 

Gasification 
char 

1 900 ◦C none P900 G900 
2 950 ◦C none P950 G950 
3 1000 ◦C none P1000 G1000 
4 1000 ◦C 1/5 P1000H2O G1000H2O  

a) Note that for the “P” chars the same condition-related abbreviation as for 
the “G” chars was used although the gasification conditions did not influence the 
“P” chars, as they were sampled prior to the gasification stage. 

A. Korus et al.                                                                                                                                                                                                                                   
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lower than the gases above it, around 800 ◦C). The partially oxidized 
volatiles and gases travel through this bed on their way out, thus 
interacting with the char. These interactions involve both char oxidation 
with the gasifying agents, and coke deposition from the reforming vol
atiles. However, the overall balance leads to carbon consumption, which 
increases the porosity of the carbon, similar to the thermal activation 
methods for activated carbon production. Thus, the gasification char, 
collected from the gasifier, has an increased porosity compared with the 
char sampled at the end of the pyrolyzing unit, i.e., the pyrolytic char. 

To investigate the magnitude of pore formation, four gasification 
conditions were tested. From each experiment, the samples of pyrolytic 
and gasification char were collected, as listed in Table 1. It should be 
noted that only the gasification step was altered, and the pyrolysis pa
rameters were constant. All four pyrolytic char samples were formed 
under similar conditions; thus, they can be considered quadruplicates of 
the same material, collected from different batches of the pyrolysis 
process. 

2.2. Gas adsorption measurements 

The analysis of the collected chars was performed with the gas 
adsorption method using a Micromeritics TriStar II 3020 (Micro
meritics) analyser with the krypton option (i.e., featured with additional 
transducer for measuring pressures <10 mm Hg, and a high-vacuum 
pump). Three different probe molecules were used for gas adsorption 
tests – N2 isotherm at 77 K, O2 isotherm at 77 K, and CO2 isotherm at 
273 K were collected for each sample. The CO2 adsorption was measured 

up to 1 atm absolute pressure, which corresponds to CO2 relative pres
sure of 0.03, and accounts for pores up to 10 Å. The N2 and O2 isotherms 
were collected for the relative pressure range of 10− 3 to 0.98. For the 
comparison, two sample were additionally analysed with NOVAtouch 
LX2 (Quantachrome), which is dedicated to the N2 adsorption mea
surements in the same pressure range as TriStar. Prior to the analyses, all 
samples were degassed for 24 h at 200 ◦C under vacuum. 

Two types of chars were analysed; for each type, the analysis pa
rameters were adjusted to account for their structural difference. The 
pyrolytic chars, due to high ultamicroporosity, have limited accessibility 
for some probe molecules. For the gasification chars, where there was no 
constriction in pore penetration, an equilibration interval of 40 s was 
applied for the data points measured at relative pressures <0.01. Long 
equilibration times, while providing high accuracy, in the case of the 
very narrow pores, can prolong the measurements, making the analysis 
difficult to complete in a reasonable time. Thus, to collect the isotherms 
for the pyrolytic chars, more lenient criteria for equilibrium state 
determination were tested. For the N2 adsorption on pyrolytic chars, 
both 15 and 40 s equilibration intervals resulted in short analysis time, 
and a negligible quantity of N2 was adsorbed, proving the pores were 
inaccessible. When 15 s equilibration interval was applied during O2 
analysis, no equilibrium state could be reached within 48 h, even for one 
datapoint, suggesting that the pores were partially accessible for this 
molecule, yet the criteria were too severe to enable measurement of the 
isotherm in a timely manner. However, the measurement proved 
possible when 5 s equilibration interval was used, resulting in the well- 
defined O2 adsorption isotherm. 

Fig. 2. Isotherms of N2 and O2 adsorption on the gasification chars from four experimental runs with different gasification conditions.  
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Uniform conditions, with 20 s equilibration interval, were applied 
for pyrolytic and gasification char analysis with CO2, as this molecule 
accessed the pores without any constrictions. 

2.3. Pore size distribution calculations 

Pore size distribution (PSD) was calculated with SAIEUS software. 
This numerical algorithm allows simultaneously fitting a few probe 
molecules’ kernels to the respective measured isotherms. The CO2 & N2 
as well as CO2 & O2 combinations were compared in this paper. Since 
negligible N2 adsorption was measured for the pyrolytic chars, the CO2 
isotherm only was used instead of CO2 & N2 for these samples. The O2 
and N2 single models, as well as a dual O2 & N2 and triple CO2 & O2 & N2 
fittings were also tested for the selected samples to verify the coherence 
between the obtained PSDs. 

The PSD calculations used the 2D-NLDFT models dedicated to the 
carbons with heterogeneous surfaces and slit-shaped pores developed by 
Jagiello and Olivier [26,28]. The SAIEUS algorithm employs a regula
rization method combined with non-negativity constraints [29], where 
the lambda parameter is used to optimize the balance between the fitting 
error and the roughness of PSD plot. For consistency, the lambda 
parameter adjustment was done globally; it was set to a fixed value of 
4.5 for all the samples, to ensure unbiased PSD results (with the except of 
dual O2 & N2 fittings that required lambda of 5 due to high roughness). 

The PSDs were calculated for the pore width range of 3.6–500 Å. 
However, for the dual CO2 & O2 fitting to the isotherms measured for the 

pyrolytic chars, the lower pore width limit wmin of the O2 kernel was 
increased to 5 Å, so that the smallest of the pyrolytic char pores were 
determined solely from the CO2 isotherm, which is more accurately 
measured. Increasing the wmin for the kernels of probe molecules that 
have constrained access to the carbon ultramicropores is a procedure 
recommended to improve quality of the fit [30]. 

3. Results and discussion 

3.1. O2 and N2 isotherms 

The N2 and O2 adsorption isotherms collected for the gasification 
chars are presented in Fig. 2. As expected, the more severe gasification 
conditions, i.e., higher temperature and addition of steam, enhanced 
porosity development, observed as the increasing gas adsorption for 
G900 < G950 < G1000 < G1000H2O chars. For all samples, both N2 and 
O2 measurements gave isotherms typical for micro-mesoporous biochar 
materials – i.e. the combination of type I and II isotherms with H4 
hysteresis loop [31]. Compared with N2, a higher O2 uptake by all 
samples was observed, yet it was likely the result of the higher density of 
this probe molecule – both isotherms gave consistent PSDs and similar 
pore volumes. The main advantage of O2 was the shorter time required 
to reach equilibrium for the less activated char measurements, cutting 
down the analysis time from approx. 30 to 13 h. Time intervals between 
the measured points are provided in Supplementary Information (SI) S1. 
Quicker analysis with O2 was also reported by Blankenship et al. [20] 

Fig. 3. Isotherms of N2 and O2 adsorption the pyrolytic chars from four experimental runs (all prepared under the same conditions).  
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who advocate using this gas for microporous carbon analysis. 
Interesting phenomenon was observed during pyrolytic biochar 

analysis. All examined samples had the same thermal history (pyrolysis 
at 600 ◦C), resulting in the replicable gas adsorption results (Fig. 3). In 
all cases N2 failed to access the micropores, giving isotherms without the 
initial vertical increase (meaning no accessible micropores) and with the 
insignificant overall adsorption. Similar results were obtained with 
another instrument with the comparable specification, i.e., p/p0 range of 
10− 3-1 (SI S2). However, O2 as a probe molecule successfully entered the 
pores in three samples; only for P1000 the adsorption was still poor. 
These findings suggest that the analysis of the extremely microporous 
carbons can be achieved without the low pressure (p/p0 < 10− 3) mea
surements by simply changing the probe molecule from N2 to O2. 

3.2. Fitting NLDFT model to single and multiple isotherms 

The investigation on using O2 as a probe molecule was initiated by 
calculating pore size distributions (PSDs) of the gasification chars based 
on the N2 and O2 isotherms, as the model fitting was possible for both 
isotherms collected for these samples. The comparison of the obtained 
distributions is presented in Fig. 4. Additionally, a simultaneous fit to 
both isotherms was made to verify the consistency of the two models. 

In general, O2 gave a slightly wider distribution, especially for the 
more activated char (G1000H2O). The simultaneous fitting resulted in 
the PSD averaging the two single-isotherm cases. Importantly, a satis
factory fit (SI S3) was obtained for the dual approach, suggesting 
compatibility between the results obtained with these two probe 

Fig. 4. PSD in a) G900 and b) G1000H2O calculated from the N2 and O2 only, and the simultaneous fit to both isotherms.  

Fig. 5. PSD in a) P900 and b) P1000H2O for the CO2 isotherm only and the dual CO2&O2 fit.  
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molecules, when the gasification chars, with more accessible pores, were 
examined. 

The pyrolytic char had no contact with the reactive gases. Thus, it is 
highly microporous and N2 was unable to enter the investigated mate
rial. On the other hand, it was possible to obtain O2 isotherms for three 
out of four samples. Meanwhile, the agreement between N2 and O2- 
based PSDs obtained for the gasification chars suggest that O2 is a 
suitable probe molecule for analysis of the pyrogenic types of carbons. 

Biochar, both pristine (pyrolytic) and activated (gasification), pos
sesses large share of ultramicropores. Thus, incorporating in the calcu
lations the CO2 isotherm, which allows for the analysis of the pores in 
the range of 3.6–10 Å, is highly important, if the full overview of the 
pore sizes is sought. Typically, the simultaneous fit to CO2 and N2 iso
therms is applied. Since for the investigated pyrolytic chars N2 isotherm 
could not be used, only the dual fit of CO2 and O2 isotherms was per
formed. Moreover, the PSD based on the CO2 only was also calculated; 
the examples of both approaches are presented in Fig. 5. Good agree
ment between the results of single and dual gas analysis was observed – 
the main peak at 5 Å was consistent in both PSDs. The inclusion of the O2 
isotherm resulted in the additional small peak of supermicropores with 
the size of approx. 15 Å. 

Interestingly, an unforced agreement between the modelled and the 
physically justified pore size range was observed for the single fit to the 
CO2 isotherm only. Despite the full set of theoretical isotherms used for 
the fitting, obtained PSDs were in the range of pore widths physically 
possible to be measured with CO2 adsorption at 273 K (<10 Å). 

The pyrolytic char was highly ultramicroporous, thus the CO2 mea
surement was crucial for the thorough evaluation of its porosity. Total 
pore volumes and surface areas of pyrolytic chars calculated using 
different isotherm combinations are presented in Table 2. As the 
measured N2 adsorption was negligible, porosity of the pyrolytic chars 
calculated with N2 isotherm was marginally small. On the other hand, in 
most cases, O2 was able to penetrate some supermicropores, suggesting 
surface area exceeding 100 m2/g. Furthermore, the CO2 measurement, 
aimed at ultramicropores detection, revealed a significant surface area 
attributed to these pores. Finally, the simultaneous fitting to the CO2 and 
O2 isotherms joined the ultra and supermicropore contributions, 
providing the most detailed assessment of the PSD. 

Most studies on the pyrolytic char are based on N2 isotherms and 
thus report it as non-porous. Investigating this material with different 
probe molecules showed that it possesses a well-developed, though 
highly microporous, structure. Such narrow pores play an important role 
in some phenomena, e.g., metal intercalation [24,32]. Thus, an 
extended analysis of pyrolytic chars might help to reveal their potential 
in numerous new applications. 

The gasification chars were evaluated with the dual models, using 
either CO2 & N2 or CO2 & O2 adsorption isotherms. The PSDs and model 
fittings for all gasification samples are provided in the SI S5, while the 
incremental and cumulative pore volumes of the G900 are presented in 
Fig. 6, as an example. Additionally, the simultaneous calculation for all 
three probe molecules were made and it showed consistent results and 
good fit to the experimental data (Fig. 6c). 

Similar to the pyrolytic char, in the gasification char ultramicropores 
were the dominating structure. The presence of the larger micropores, i. 

Table 2 
Total surface area (S) and total pore volume (V) of the pyrolytic chars calculated 
with the single and dual 2D-NLDFT models.   

N2 O2 CO2 CO2 & O2 

V, 
cm3/ 
g 

S, 
m2/ 
g 

V, 
cm3/ 
g 

S, 
m2/ 
g 

V, 
cm3/ 
g 

S, 
m2/ 
g 

V, 
cm3/ 
g 

S, 
m2/ 
g 

P900 0.02 5.9 0.10 177 0.10 388 0.14 416 
P950 0.02 6.7 0.09 121 0.10 366 0.13 382 
P1000 0.02 5.9 0.04 18 0.08 294 0.08 249 
P1000H2O 0.03 7.6 0.10 140 0.11 369 0.14 371  

Fig. 6. Comparison of the PSDs (a) and cumulative pore volumes (b) of G900 
char calculated with multiple-isotherm models, and the simultaneous fit to 
three measured isotherms (c). 

Table 3 
Total surface area (S) and total pore volume (V) of gasification chars obtained 
from the dual 2D-NLDFT models and the specific surface area calculated from N2 
isotherm with the BET method.    

CO2 & N2 CO2 & O2 BET N2 

V, cm3/g S, m2/g V, cm3/g S, m2/g S, m2/g 

G900 0.230 617 0.227 631 456 
G950 0.240 614 0.242 641 433 
G1000 0.283 673 0.283 686 515 
G1000H2O 0.374 764 0.371 767 675  
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e., supermicropores, was indicated by both CO2 & N2 and CO2 & O2 
models (Fig. 6a). They also gave similar total pore volume, although the 
CO2 & O2 calculations attributed it to narrower pores, compared with 
CO2 & N2 (Fig. 6b). Thus, total surface area of gasification chars 
calculated with CO2 & O2 model was slightly higher than CO2 & N2 
(Table 3). It is noticeable that both dual models gave significantly higher 
surface area, compared with the specific surface area calculated from the 
N2 isotherm using the BET method. 

3.3. Char activation during gasification step 

In all four experiments, the pyrolysis was carried under the same 
conditions, and thus the pyrolytic chars, sampled after the first stage of 
biomass conversion, had similar pore distribution. The pyrolytic char 
transformation into the gasification char, i.e., the second conversion 
step, was performed at different temperatures and in the absence/ 
presence of steam. Hence, four gasification chars with different degree 
of activation and carbon burn-off were obtained. As presented in Fig. 7, 
the increase in the gasification temperature slightly increased porosity 
of the char but did not affect the shape of the pore size distribution. On 
the other hand, the addition of steam resulted in a significant pore 
enlargement – the peak of ultramicropores decreased and widened to
wards the supermicropore region. 

During the second step of the biomass conversion, the volatiles 
released during the pyrolysis undergo partial oxidation, while the py
rolytic char is gasified with the created gases. The syngas produced in 
the two-stage gasifier contained CO, CO2, and H2 – typically around 20 
vol% of each. Water vapour from the inherent feedstock moisture was 
also present. Increased temperature of the gases passing through the 
char bed enhanced the pore volume from 0.140 cm3/g to 220–280 cm3/ 
g. The positive effect of the gasification temperature on pore develop
ment was observed, however, the most drastic changes occurred when 
steam was added to the process. The 100 ◦C increase in the reaction 
temperature increased the total pore volume by 25 %, while the addition 
of steam (1:5 water/feedstock ratio) enhanced it by another 30 %. 

In the experiments without steam addition, the main char gasifica
tion agent is CO2 from the partial oxidation of volatiles. Thus, the 
relatively small impact of the gasification temperature on char activa
tion could result from a poor sensitivity of the CO2 gasification kinetics 
to the increase in the reaction temperature. Another important aspect is 
the design of the two-stage gasifier. Changing gasification temperature 

affects mainly the gas-phase reactions in the upper part of the reactor 
(Fig. 1). Char particles that fall through this hot gas zone accumulate at 
the bottom, forming the char bed that maintains temperature in the 
range of 750–800 ◦C regardless of the gasification conditions. In other 
words, in this reactor, gasification temperature regulation aims at syn
gas composition adjustment, and it does not directly affect the heter
ogenous char-gas reactions. Thus, a strong impact of a reactor design on 
the correlation between process parameters and product characteristics 
should be always considered. For example, the construction of the 
gasifier used in this study resulted in the decreased sensitivity of the char 
pore formation to the gasification temperature. 

The comparison of the gas adsorption models shows similar trend in 
the pore development examined with the CO2 & N2 and the CO2 & O2 
combinations – the steam addition was required to widen the gasifica
tion char pores. Noticeably, even the char prepared under the severe 
gasification conditions (G1000H2O) had a highly microporous struc
ture. As these pores are more accessible to O2 molecules, the CO2 & O2 
dual 2D-NLDFT model seems a suitable solution for char investigation at 
all stages of its formation, i.e., the pyrolysis followed by the thermal 
activation. 

4. Conclusions 

In this paper, we propose an approachable way to evaluate pore size 
distribution (PSD) of the ultramicroporous materials such as pyrogenic 
carbons. The dual 2D-NLDFT model for heterogenous carbons applied to 
two adsorption isotherms, CO2 at 273 K and O2 at 77 K, provided 
detailed and consistent PSDs for pyrolytic and gasification chars. 

Good fit was obtained for the extremely ultramicroporous chars as 
well as the more opened structures. Using O2 as the probe molecule 
allowed collecting the isotherms for the pyrolytic char, for which a 
negligible adsorption of N2 was observed. Meanwhile, for the more 
activated chars, the analysis time was significantly shortened (almost 3 
times for some samples), when N2 was substituted with O2. 

Analysing the char from the semi-pilot scale gasifier confirmed the 
dependence of the char structure on the process parameters, but also 
suggested a strong impact of the reactor design. In the studied case, char 
porosity was not significantly affected by the gasification temperature, 
likely due to the short residence time of the char particles in the hot gas 
zone and the stabilized temperature of the forming char bed. Hence, it 
can be foreseen that each modification or scale-up of the gasification set 

Fig. 7. The development of the gasification char PSD with the increase in gasification temperature (G900 to G1000) and the addition of steam (G1000 
to G1000H2O). 
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up will require a re-evaluation of char properties, calling for the quick 
and easy method for char structure monitoring. 

The proposed approach seems to be a time-efficient method that can 
be performed without the need for advanced measurements, such as 
collecting the low pressure (p/p0 from 10− 7 to 10− 3) part of the N2 
isotherm. Thus, it should be suitable as a day-to-day diagnostic tool for 
the pyrogenic char structure evaluation. 
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Thermochemical upcycling of food waste into engineered biochar for energy and 
environmental applications: a critical review, Chem Eng J 469 (2023) 143783, 
https://doi.org/10.1016/J.CEJ.2023.143783. 

[10] G.S. Ghodake, S.K. Shinde, A.A. Kadam, R.G. Saratale, G.D. Saratale, M. Kumar, et 
al., Review on biomass feedstocks, pyrolysis mechanism and physicochemical 
properties of biochar: state-of-the-art framework to speed up vision of circular 
bioeconomy, J. Clean. Prod. 297 (2021) 126645, https://doi.org/10.1016/J. 
JCLEPRO.2021.126645. 

[11] K. Weber, P. Quicker, Properties of biochar, Fuel 217 (2018) 240–261, https://doi. 
org/10.1016/j.fuel.2017.12.054. 

[12] F. Stoeckli, E. Daguerre, A. Guillot, Development of micropore volumes and widths 
during physical activation of various precursors, Carbon N Y 37 (1999) 
2075–2077, https://doi.org/10.1016/S0008-6223(99)00220-1. 

[13] Y. Liu, M. Paskevicius, M.V. Sofianos, G. Parkinson, S. Wang, C.Z. Li, A SAXS study 
of the pore structure evolution in biochar during gasification in H2O, CO2 and 
H2O/CO2, Fuel 292 (2021) 120384, https://doi.org/10.1016/j.fuel.2021.120384. 

[14] Y. Bai, P. Lv, X. Yang, M. Gao, S. Zhu, L. Yan, et al., Gasification of coal char in 
H2O/CO2 atmospheres: evolution of surface morphology and pore structure, Fuel 
218 (2018) 236–246, https://doi.org/10.1016/J.FUEL.2017.11.105. 
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