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In this study biochars and activated carbons were synthesized either directly via the pyrolysis of sodium
carboxymethyl cellulose (NC) or via hydrothermal carbonization of sawdust (SD) in an aqueous solution
of KOH. The amount of porogen was varied by modulating the degree of sodium carboxymethyl
substitution on NC or the amount of KOH mixed in solution with SD. Pore size distributions (PSDs) of
these carbons were determined from the dual fit of kernels based on the two-dimensional version of
the nonlocal density functional theory (2D-NLDFT) heterogeneous surface models to either N, and H,
or O, and H; isotherms measured at —196 °C. By comparing PSDs of carbons from the same starting

material at increasing degrees of activation, we show that those derived using O, and H, isotherms not
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DOI: 10.1039/d2ma00141a only give more detail of variations in pore size but that the results also fit better with current

understandings of porosity development in carbons derived through oxidative activation. This is likely a
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1. Introduction

Porosimetry via the measurement of gas adsorption isotherms
has provided a great depth of insight into the nature of pore
channels in solids, particularly on disordered-like materials for
which other techniques are not suitable for pore sizing. While
N, at —196 °C remains the dominant adsorptive used in such
experiments due to its availability, studies have concluded that
it is lacking in some properties required for good isotherm
measurement and thus accurate determination of textural
parameters.’™ In the case of porous carbons as well as other
porous materials such as conjugated microporous polymers
(CMPs), it is well established that pores of width similar to the
size of the N, molecule are common. This can lead to inade-
quate diffusion of N, into such pores when it is used as an
adsorptive.>” Further, polar groups on the surface of many
carbons may interact with the N, molecule’s large quadrupole
moment, which obfuscates the molecular cross-sectional area
used in the calculation of various measures of porosity.>*° As
such, alternative adsorptives have enjoyed some use in recent
years, including Ar, O,, H,, CO,, CH,, CF,, and SF, as they are
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result of superior diffusion of O, into ultramicropores at low pressure relative to N».

either smaller in size or have a lower quadrupole moment than
N, - or both (see Table 1).'"* Simultaneously the development
of advanced DFT kernels for an array of adsorptives on carbons,
in particular the 2D-NLDFT heterogeneous surface model mean
that quantities such as pore size, volume, and surface area can
now be more accurately determined than in the past. This
model accounts for surface roughness present in the graphene
sheets which make up turbostratic porous carbons by assuming
a corrugated slit pore model.'>'® The nanoporous carbon
structure based on curved graphene building blocks was
demonstrated by using atomic resolution images taken within
nanoporous carbon samples."”

Nonetheless, a single isotherm cannot typically be used to
accurately determine pore sizes across the entire micropore

Table 1 Physical properties of relevant molecules for porosimetry

measurements2°~23

Species di /A Ty/°C u

H, 2.89 —252 0.260
Co, 3.30 _78¢ 2.139
CH, 3.80 —161 0.000
N, 3.64 —196 0.697
O, 3.46 —183 0.155
Ar 3.40 —186 —
CF, 4.70 -128 —
SF, 5.50 -51 —

@ Sublimes. k4 = kinetic diameter, T}, = boiling point, u = quadrupole
moment
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region. For example, while H, sorption at —196 °C can probe
pores as small as 3 A its upper limit is ~10 A. Conversely, O,
adsorption at —196 °C is best utilized for probing pores larger
than 7 A, although it has been shown to also penetrate pores
smaller than this limit to some degree.'® In order to take
advantage of the information gained from measuring two
isotherms, Jagiello et al. developed a method whereby appro-
priate kernels could be simultaneously fit to two isotherms to
yield a single pore size distribution (PSD).>> This method was
tested by using a variety of combinations of isotherms, includ-
ing N,/CO,, 0,/H,, and N,/H,. Generally speaking, the results
derived from each of these combinations yields similar
PSDs.>*® However, as reported by Beda et al., N,’s poor diffu-
sion into ultramicropores means that N, and O, isotherms on
so-called hard carbons can be quite different, and as a result
PSDs may differ significantly with O, showing much more
porosity in the ultramicropore region.'® In addition, the high
quadrupole moment of CO, can lead to incorrect results due to
its interaction with polar moieties which are common on
activated carbons.'® The combination of O, and H, may provide
more accurate information than the N, and CO, isotherms due
to the former pair’s lower quadrupolarity.>* Despite being fairly
reactive gases at room temperature, under cryogenic conditions
the reactivity is extremely low, so is unlikely to affect carbon
surface chemistry.

Within the group of turbostratic porous carbons, there are
two closely related subtypes. The first is biochar, which is
produced upon the pyrolysis of biomass or other carbon-rich
material.>**® So-called activated carbon, on the other hand,
differs from biochar due to the addition of an activating agent/
porogen to aid in the development of porosity.>> >’ This activat-
ing agent can produce porosity either through physical or
chemical means. The former proceeds via gasification using
an oxidizing gas such as CO,, which burns away volatile
matter.>®*%2° Gasification also occurs during biomass pyrolysis
as CO, is produced from volatile carbon moieties, as such
biochar can be thought of as a form of physically activated
carbon.”*"*° At sufficiently low temperatures (<900 °C), gasifi-
cation produces very narrow pores of width <7 A, referred to as
ultramicropores.”

For chemical activation, while there is a large variety of
porogens, amongst the most popular are the alkali metal
hydroxides KOH and NaOH due to the fact that they facilitate
a high degree of control over porosity, this being especially
the case for KOH.>® Additionally, the majority of pores gener-
ated by alkali metal hydroxides have widths typically <20 A4, i.e.
micropores. Such pore structures are desirable for their
utility in applications such as small molecule capture and
storage as well as in supercapacitors.”>*°? In alkali metal
hydroxide (MOH) activation, pores are developed via the oxida-
tion of C to CO,, which in turn leads to further gasification.
Finally, residual alkali metal atoms (M) intercalate into voids
between graphitic layers resulting in further micropore
development,>”**73¢

6MOH + 2C = 2M + 3H, + 2M,CO;

3962 | Mater. Adv., 2022, 3, 3961-3971

View Article Online

Materials Advances
2M,CO; — M,O + CO,1
M,0 + C — 4M + CO, 1

The use of MOH increases the overall pore volume and
broadens the PSD relative to that for carbons derived in the
absence of a porogen.>**?® Thus so-called biochars are highly
ultramicroporous, while MOH-activated carbons possess a
higher degree of supermicroporosity (micropores of width >7 A).
As mentioned above, there are a variety of reasons that N, may be
unsuitable as a probe for these smaller pores present in biochars.
Therefore, given the critical importance of being able to accurately
determine textural properties with respect to any targeted applica-
tions, herein we investigate the use of combinations of N,, O,, and
H, isotherms and their effectiveness in assessing the porosity of
biochars and activated carbons.

2. Experimental

2.1. Carbon synthesis

Carbons were synthesized with and without the use of a
porogen, but keeping all other variables constant. In the case
of carbons derived from sawdust, this was done by addition of
KOH at the hydrothermal carbonization step. For carbons from
sodium carboxymethyl cellulose the degree of substitution, i.e.
the average number of carboxymethyl sodium groups per
monomer was varied from 0.0 to 0.9.

2.1.1. Via hydrothermal carbonisation of sawdust. Sawdust
was treated by hydrothermal carbonization at 250 and 300 °C
for 2 h at a ramp rate of 5 °C min~' in an aqueous solution of
KOH. The concentration of sawdust was 0.32 g cm > in each
experiment, whereas KOH:sawdust (w/w) was varied from 0.0,
0.5 to 1.0 at each hydrothermal carbonization temperature.
This produced a total of six black slurries which were dried
overnight at 100 °C in an alumina boat, and then activated by
heating under nitrogen at 800 °C for 1 h (ramp rate 3 °C min ")
and allowed to cool. In all cases the resultant carbons were
stirred in HCI (10% v/v, 600 cm®) thoroughly prior to filtration
and washing in water (~5 L) to remove any chloride salts, until
washings were neutral (pH 7). Finally, samples were dried at
100 °C, yielding six carbons designated SAx-T, where x indicates
KOH : sawdust ratio and T is the hydrothermal carbonization
temperature.

2.1.2. From Sodium carboxymethyl cellulose. Sodium car-
boxymethyl cellulose (Sigma) with a degree of substitution of
0.0, 0.7, and 0.9 (the first being pure cellulose) was heated
under nitrogen to 800 °C for 1 h (ramp rate 3 °C min~') then
cooled, washed, and dried in the same manner as the SAx-T
samples. This yielded three samples designated NCx where x
indicates the degree of substitution.

2.2. Characterisation

CHN Elemental analysis of the raw sawdust precursor was
performed using an Exeter Analytical CE-440 Elemental Analy-
ser. O content is assumed to be the remaining percentage when

© 2022 The Author(s). Published by the Royal Society of Chemistry
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C, H, and N are accounted for, as other elements do not occur
in significant quantities.

Thermogravimetric analysis was performed using a TA Q500
Thermogravimetric Analyser, in order to determine if any
residual metals remained in the carbon samples (see Table S1,
ESIT). All samples were analysed using a platinum pan and in the
presence of air/argon. The parameters for all experiments were:
Ramp 10 °C minute ' from 20-1000 °C with an isotherm for
10 minutes at 1000 °C, gas flow: 60 mL minute .

H,, O, and N, isotherms were measured at —196 °C using a
Micromeritics 3flex sorptometer. In the case of O, and N,
isotherms were measured up to P, (~220 and 1013 mbar,
respectively), which is measured as each equilibrated point in
the isotherm is recorded to account for small variations in
temperature. However for H, the isotherm P, is taken as a
constant of 1013 mbar for convenience because H, is super-
critical at —196 °C. All samples were degassed at 300 °C for 16 h
prior to isotherm measurement. Porosity calculations were
performed via the dualfitting of 2D-NLDFT heterogeneous
surface kernels on either O, and H, or N, and H, isotherms
using SAIEUS software.'®*” While 2D-NLDFT kernels account
for surface roughness via the use of a corrugated slit-pore
model,"® network connectivity is accounted for by the use of
two differently sized probe molecules.'® All dual-fit calculations
were performed using an overall pore width minimum of
3.00 A, a minimum for the O, or N, kernel of 3.60 A and the
pore width maximum was set at 500.00 A. For consistency the
fitting parameter, 1***° is fixed at 4. For comparison, conven-
tional determinations of pore volume (via ¢-plot) were obtained
from N, isotherms alone. Raw isotherms are available as
human- and machine-readable AIF files in the SI.*!

2.2.1. Equilibration interval and rate of change. The instru-
ment operation software allows for designation of a so-called
equilibration interval, tg, as a parameter for the isotherm. This
is used in order to estimate when equilibration of the adsorp-
tion system has occurred. In the measurement of a single point
on the isotherm, the pressure is measured at intervals of ¢z and
a rate of change in pressure, R, is determined over the case of
ten intervals. For example, for a t; of 10 s, pressure will be
measured ten times over 100 s and R is calculated over this
period. When R < 0.010%, the system is considered to be at
equilibrium and the isothermal point, V(P/P,) is determined. As
such, ¢ can be decreased in order to speed up analysis but this
risks reducing precision of measurement, i.e. the system is less
likely to actually be at equilibrium when the isothermal point is
recorded.

3. Results and discussion

3.1. Diffusion of adsorptives

During the measurement of isotherms, it became obvious that
the duration of measurement of N, isotherms on the SA0.0-T
and NCO0.0 (biochar) samples was impractical. Using the initial
tg of 45 s for P/P, up to 10>, only one or two points were
achieved after >72 h. To avoid this problem, ¢z were iteratively

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

reduced to 15 s for determination of N, isotherms on SA0.0-T.
Even with this modification, overall analysis time was up to
50 h; twice the time taken for a similarly determined O,
isotherm. This implies that the pore structure of biochars is
such that N, has difficulty diffusing into the smallest pores,
possibly indicating that the pore width is similar to the kinetic
diameter of the adsorptive. Alternatively, this may be a result of
the interaction between polar moieties outside of the ultrami-
cropores and N,’s quadrupole moment. The attraction between
N, and such moieties may be competitive with N,’s diffusion
into ultramicropores. The less activated materials are also likely
to have a higher oxygen content and thus more polar functional
groups, meaning it is difficult to distinguish which of these
phenomena is creating this effect. However, similarly slow
diffusion of N, has been observed for ultramicroporous CMPs
with no polar groups.” Regardless, the poor diffusion onto the
biochar/less activated samples calls into question the accuracy
of textural parameters derived from N, isotherms.

This discrepancy is most evident when comparing the time
taken between isothermal points, ¢, as shown in Fig. 1a. While ¢
is broadly similar for O, and N, isotherms of SA1.0-250 as well
the O, isotherm of SA0.0-250, t is much higher in the low
relative pressure region for the N, isotherm of SA0.0-250, with a
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Fig. 1 Time between points with increasing relative pressure of (a) O, and
N, isotherms on SA1.0-250 and SA0.0-250 and (b) N, isotherms of NCx
carbons.
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single point taking up to 10 h to measure. This suggests that
the slow diffusion may be related to compatibility of N, with
some feature of the biochar’s porosity. Similarly, when compar-
ing the time taken between points for the NCx samples synthe-
sized with increasing amounts of Na within the cellulosic
structure (Fig. 1b) it is apparent that expansion of the porosity
by use of a porogen improves the ability of N, to diffuse into the
pores, and that this improvement is accelerated at some point
between a degree of substitution of 0.7 and 0.9. That is, while
NCO0.7 allows faster diffusion than NCO0.0, the improvement is
only small but there is a far more marked change in ¢ when x
rises to 0.9. Indeed, while ¢ can be extremely large (approaching
24 h) for NC0.0 and NC0.7, the maximum ¢ for NC0.9 is closer
(~6 h) to that for the activated carbons derived from sawdust.
Our observations of the lengthy measurement of N, isotherms
relative to O, are counter to work recently published by Beda
et al., wherein measurement of N, isotherms on so-called hard-
carbons was fast relative to 0,.®

This may be an indication of relative pore sizes i.e. that
ultramicropores in biochars reported in this work are partially
penetrable by N,, unlike those in hard carbons reported by
Beda et al.

Table 2 shows the atomic ratios of porogen to carbon. As the
principle pore development process in activated carbons begins
with oxidation of carbon by the porogen, pore broadening
therefore increases with increased porogen/C ratio. These
ratios are much lower in the NCx samples than for SAx-T.
While variables such as precursor structure and composition as
well as differences in reaction kinetics of Na vs. K also play a
factor,**7* it is also clear that the higher amounts of K used in
the synthesis of SAx-T samples results in porosity that is much
more amenable to N, diffusion into the pores.

Gravimetric yields of samples described in this work can be
found in Table S1 (ESIf). In general, yield decreases with
increasing amount of activating agent. The yield of SA0.0-300
is much higher (26%) than that of SA0.0-250 (15%). This is
likely a result of greater stability of hydrochar synthesised at
300 °C on account of the lower amounts of oxygen rich-
moieties.*

3.2. The isotherms

Inspection of isotherms further reveals some uncertainty in the
accuracy of N, measurements on SA0.0-T carbons (see Fig. S1,
ESIT). While a characteristic plateau exists for N, isotherms of
SA0.5-T (Fig. S1(2a, b), ESTt) and SA1.0-T (Fig. S1(3a, b), ESIt)

Table 2 Atomic ratios of components in precursors, determined from
molecular compositions for NCx samples and from weight ratios and
elemental (CHN) analysis in the case of SAx samples

Sample Porogen/C Porogen/O o/C
NCo0.0 0.00 0.00 0.83
NCo.7 0.09 0.11 0.86
NCO0.9 0.12 0.13 0.87
SA0.0 0.00 0.00 0.72
SA0.5 0.21 0.72 0.72
SA1.0 0.43 1.45 0.72
3964 | Mater. Adv, 2022, 3, 3961-3971
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samples, indicating micropore filling, this is not the case for
SA0.0-T samples (Fig. S1(1a, b), ESIt), where there is a linear
increase in adsorption in the mesopore region. This is not
observed in O, isotherms, wherein monolayer completion is
much more obvious. All samples also have a high H, uptake
indicating the presence of pores in the so-called ultramicropore
region, which may hinder adsorption of N,.

Furthermore, isotherms for NCx carbons (Fig. S2, ESIt) lend
further credence to the notion that significant pore broadening
does not occur until a critical ratio of porogen/C (in the range
0.09-0.12) is achieved. For both NC0.0 (Fig. S2(a), ESIt) and
NCO0.7 (Fig. S2(b), ESIT), the maximum H, adsorption is similar
to or greater than that of N,, indicating the presence of a high
proportion of ultramicropores. For NCx samples where poro-
gen/C ratio is increased to 0.12 (NCO0.9), H, adsorption falls
significantly below the maximum for N,, indicating that poro-
sity has broadened into the supermicropore region. Samples
NC0.7 and NCO0.9 also exhibit a rapid increase in adsorption for
O, and N, as P/P, approaches 1 such that the resulting
isotherms exhibit some type II character. Such shape is likely
a morphological effect, either due to condensation of sorptive
in macropores or large interparticle voids." As the materials
contain no non-carbonaceous matter (within experimental
error, see Table S1, ESIf) this cannot be ascribed to some
chemical effect. Type II character is not observed for NCO0.0,
thus it can be assumed that the morphological phenomenon is
a result of some action of Na".

In the case of both NC0.0 and SA0.0-300 (Fig. S1(1b), ESIf),
the H, isotherm actually crosses the N, isotherm which is
anomalous since under the conditions used H, is supercritical,
meaning that multilayer adsorption cannot occur. As such this
high level of adsorption must be due to monolayer adsorption
of H, in pores impenetrable to N,. Such pores however do
appear to be penetrable by O,, which is interesting as while O,
is slightly smaller than N, the kinetic diameters of the two
molecules are quite similar - 3.46 and 3.64 A for 0, and N,

respectively.>*!

3.3. Dual-fit analysis

Dual fits to O,/H, and N,/H, isotherms for SAx-T and NCx
carbons are shown in Fig. S3 and S4 (ESIf), respectively. As
indicated from the isotherms themselves, PSDs for SAx-T
carbons (Fig. 2(1P, 2P), S5(1P, 2P), ESIt) derived using O,/H,
isotherms indicate greater porosity than when using N,/H,, and
the same is true for PSDs of NCx carbons (Fig. 3(1P, 2P)). The
position of the first maximum (~4 A) is consistent across all
derived PSDs regardless of the subset of isotherms is used as
this is mainly derived from the H, isotherm. However, with
regards to the second maximum, the two sets of PSDs for both
SAx-T and NCx offer slightly different pictures. While N,/H,
derived PSDs show either only small differences or indeed a
small decrease in pore size for the activated carbons, O,/H,
PSDs show that porosity expands out of the ultramicropore and
into the supermicropore region when KOH is used as porogen.
Furthermore, there is some indication of PSD broadening in
the second maximum. The latter narrative fits much better with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Fits to No/H (1a, 1b, 1c) and O,/H; (2a, 2b, 2c) isotherms of samples SAx-250 and resultant PSDs (1P, 2P).

current understanding of pore formation in carbons, in that the
use of alkali metal hydroxide porogens during pyrolysis leads to
increases in pore size relative to those formed via gasification of
biomass (i.e., pyrolysis with no added porogen). Again, this
discrepancy in trends in pore size with amount of porogen
according to simultaneous fitting of kernels the two isotherm
pairs is likely a failing of the N, isotherm in that ultramicro-
pores are not adequately probed during analysis.

While results from dual O,/H, fitting to their respective 2D-
NLDFT kernels indicate greater compliance with current under-
standing of porosity development in carbons, this does not
alone confirm its superiority over N,/H, for this application. On
examining the fits, it is obvious that the respective 2D-NLDFT

© 2022 The Author(s). Published by the Royal Society of Chemistry

kernels struggle to account for the isotherm shape at low
pressures in the case of both O, and N,. This is particularly
evident for the SA0.0-T samples, suggesting either incomplete
equilibration of the system at such low pressures or inability of
the O, and N, kernels to account for ultramicropore geometry
and internal texture of in biochars, or a combination of both
limitations.

0O,/H, analysis also gives far more information on differ-
ences in porosity between SA0.5-T and SA1.0-T samples. While
the PSD calculated via N,/H, indicates that the porosity of these
two activated carbons is practically identical except for a slight
increase in overall pore volume, O,/H, analysis, on the other
hand, shows a broadening in the second maxima, which results

Mater. Adv,, 2022, 3, 3961-3971 | 3965
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in the obfuscation of the two, initially distinct pore regions. A
mechanistic explanation for this is that in the case of SA0.5-T,
the principal route of porosity expansion comes via the for-
mation of new pores by simple oxidation of as yet non-porous
carbon, resulting in pores centred at ca. 8 A but without
significantly disturbing the ultramicropores previously formed
by carbon gasification. Due to the relative increase in the
quantity of K in the synthesis of SA1.0-7, the cation is able to
infiltrate ultramicropores and via this intercalation expands
them, resulting in the merging of the two previously distinct
pore size regions.

The variation in porogen/C ratio for SAx-T carbons with
increasing x is relatively large. Comparing PSDs of NCx carbons

3966 | Mater. Adv, 2022, 3, 3961-3971
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Fig. 3 Fits to No/H; (1a, 1b, 1c) and O,/H, (2a, 2b, 2¢) isotherms of samples NCx and resultant PSDs (1P, 2P).

(Fig. 3(1P, 2P)) facilitates the observation of changes in porosity
when the changes in porogen/C ratio are relatively small (see
Table 2). Unsurprisingly, the N,/H, calculations again show
little difference between each of the three samples apart from
an indication of higher overall pore volume for NCO0.9.

On the other hand, there is a gradual migration of the second
PSD maxima into the supermicropore region as porogen/C is
increased, accompanied by a broadening of this peak. This again
is a result of the oxidative effect of the (Na*) cation leading to PSD
broadening. While the maximum O, adsorption for NC0.9 and
NCO0.7 carbons is almost twice that of NC0.0, this is not indicated
in the PSDs in the range displayed. This is because the increased
porosity that causes this feature is in the macropore region."

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Total (V), micropore (Viyic), and ultramicropore (Vymic) pore volumes of SAx-T and NCx carbons determined using classical and dual-isotherm
NLDFT calculations. Classical volumes determined using the single-point and t-plot methods for Vi and V i, respectively. NLDFT calculations employed
dual-fitting of isotherms to respective 2D-NLDFT, heterogeneous surface kernels. Numbers in brackets indicate percentage of pore volume made up by

pores in the given pore width subregion

Pore volume/cm® g !

N, classical Dual N,/H, NLDFT

Dual O,/H, NLDFT

Sample Vi Vimic Vi Viic Vumic Vi Viie Vumic

SA0.0-250 0.25 0.13 (50%) 0.29 0.22 (78% 0.16 (54%) 0.26 0.23 (90%) 0.18 (68%)
SA0.0-300 0.17 0.10 (57%) 0.25 0.20 (79% 0.14 (56%) 0.24 0.22 (90%) 0.17 (67%)
SA0.5-250 0.37 0.32 (87%) 0.44 0.42 (97% 0.26 (60%) 0.50 0.49 (98%) 0.15 (30%)
SA0.5-300 0.44 0.38 (85%) 0.50 0.47 (95% 0.29 (58%) 0.53 0.48 (91%) 0.21 (39%)
SA1.0-250 0.45 0.37 (83%) 0.51 0.47 (92% 0.26 (52%) 0.54 0.50 (92%) 0.20 (37%)
SA1.0-300 0.54 0.44 (81%) 0.63 0.58 (92% 0.32 (50%) 0.70 0.63 (89%) 0.29 (41%)
NC0.0 0.16 0.14 (90%) 0.23 0.22 (99% 0.15 (65%) 0.22 0.21 (95%) 0.16 (76%)
NC0.7 0.21 0.16 (77%) 0.35 0.25 (70% 0.16 (47%) 0.38 0.24 (65%) 0.14 (58%)
NC0.9 0.28 0.22 (80%) 0.45 0.31 (69% 0.20 (44%) 0.40 0.28 (71%) 0.13 (44%)

These inconsistencies in porosity development according to
the two dual isotherm methods are further illustrated by the
calculated total pore volumes, as well as the pore volume
arising from micropores and ultramicropores (Table 3). Classi-
cal calculations from N, isotherms alone reveal much smaller
overall pore volumes for all samples as well as lower propor-
tions of micropores compared to their dual-fit 2D-NLDFT
counterparts for NCx and SAx-T carbons. This is because, firstly
N, alone cannot probe the smallest of ultramicropores,*” thus
up to 32% of total pore volume (relative to N,/H, analysis) is
unaccounted for. Secondly, single point and t-plot calculations
do not account for chemical and energetic heterogeneity of the
internal pore surface unlike the 2D-NLDFT models."® Addition-
ally, determination of total- and micropore volume by classical
methods is notoriously unreliable. For example, the single-
point pore volume determination relies on the isotherm pos-
sessing an obvious plateau.” As discussed above, these plateaus
do not strictly exist for the N, isotherms of the SA0.0-T samples.
As such, significant errors may arise using single-point
methods.

On the other hand, the dual O,/H, fit predicts a much higher
proportion of both micropores and ultramicropores than N,/H,
for SA0.0-T carbons. Again, this is likely a result of poor
diffusion of N, into ultramicropores, which limits their detec-
tion. For the so-called activated carbon samples, N,/H, shows
roughly similar proportions of ultramicroporosity compared to
the aforementioned biochars, while O,/H, shows drastic
decreases. The latter picture from O,/H, seems more likely
due to known mechanisms of porosity development by KOH.
Interestingly, estimates of percent microporosity are fairly
consistent for calculations of both sets of isotherms for
SA0.5-T and SA1.0-T samples indicating that N, diffusion
limitations are not so prevalent in supermicropores.

For NCx carbons, both overall pore volumes and absolute
and percentage micropore volumes are relatively consistent
across the two dual isotherm techniques. The most significant
difference is in the absolute and percentage micropore volume,
especially for samples NC0.0 and NCO0.7. This again is an
indication of the diffusion limitations encountered during

© 2022 The Author(s). Published by the Royal Society of Chemistry

measurement of N, isotherms on these samples. While this
difference in percent ultramicropore volume is 11% for these
two samples, NC0.9 shows identical proportions of ultramicro-
pores for both methods. In fact, the percentage of micropores, is
the most similar here too — within 2%. While the broadening of
the PSD with increasing porogen/C ratio from principally
ultramicroporous into the supermicropore and larger regions
is evident when using both techniques, this is far more obvious
according to analysis of O,/H, isotherms.

Interestingly, all three measures of porosity agree on one
matter - that is, when comparing the relative contribution of
the different pore width regions between SAx-T samples with
the same KOH : SD ratio (x), but varying hydrothermal carboni-
zation temperature (7). The hydrothermal carbonization tem-
perature does not seem to affect what percentage of pores are
made up by micropores and ultramicropores. However, total
pore volumes do vary with T; in the case of the activated
carbons SA0.5-T and SA1.0-T, hydrothermal carbonization at
300 °C can increase V; by up to 30% at KOH:SD ratio 1.0
according to O,/H, NLDFT calculations. The apparent differ-
ence decreases when classical techniques are used, and in the
case of SA0.5-T, dual O,/H, analysis shows an increase in V, of
only 6% as T increases from 250 to 300 °C. The two dual
isotherm 2D-NLDFT analyses nonetheless tend to show similar
differences in V;, so perhaps this discrepancy is a result of the
relative robustness of DFT methods. On the other hand, the
biochars show the opposite trend, with V, decreasing when T is
raised to 300 °C. This is only by a small amount (7-14%)
compared to the value derived from dual isotherm calculations,
but it is evident nevertheless. This decrease in porosity of
biochars with hydrothermal carbonization temperature is likely
a result of a correlated decreased O/C content in the hydrochar,
as well as an increase in the diameter of the characteristic
microspheres.”” The latter phenomenon means that there is an
increase in the proportion of stable hydrophobic aromatic
moieties (in the core) relative to the more easily activated
hydrophilic groups in the shell of the hydrochar microspheres.
This compositional change is known to increase so-called
activation resistance and therefore can result in a less porous
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carbon upon pyrolysis.**~*> Additionally, when KOH is included
during hydrothermal carbonization it catalyses the breakdown
of the activation-resistant lignin*>"*” which may further explain
the improvements in porosity for T = 300 °C.

3.3.1. Comparison to single fit. When PSDs are derived
from two isotherms simultaneously, the SAIEUS software
accounts for pore regions that are apparent in both isotherms.
As an example, consider an adsorptive A which probes pores
between 3 and 7 A while adsorptive B can probe pores larger
than 5 A. For a sample which has some pores of width ~5-7 A,
SAIEUS will not simply add the PSDs from A and B within the
full range of widths, but instead takes into account this overlap.

It is interesting therefore to compare PSDs derived through
single and dual fits to isotherms as in Fig. 4. Further, the
agreement between single and dual fits is interesting in terms
of the degree to which a sample is activated, as such a low
activation sample (SA0.0-250, Fig. 4(1a—c)) and highly activated
sample (SA1.0-250, Fig. 4(2a-c)) were investigated. Single fit
PSDs were calculated using identical parameters to those used
in dual fitting, except that the maximum pore width for H, was
limited to 10 A. Of the three individually fit adsorptives, only H,
produces a bimodal PSD similar to that found in dual fits, while
N, and O, both show a single maximum at or above 7 A 1t
appears that the position of the first maximum for H, (~4 A)
corresponds almost exactly in all cases to that found in dual
isotherm PSDs. On the other hand, the shape and position of
the second maximum (> 5 A) appears to be some combination
of the two single-isotherm PSDs. This is most apparent in the
case of SA0.0-250 (Fig. 4(1b, 1c)). Conversely in the case of
SA1.0-250 (Fig. 4(2b, 2c)) the position and shape of the second
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maximum in the dual fit is approximately the same that of the
sole N, or O, peak. These observations suggest that as PSD
broadens with increasing degree of activation the fitting algo-
rithm is able to rely more on individual isotherms for different
sections of the PSD, i.e. H, for pores 3-7 A, N, or O, for pores
>7A. Whereas for so-called biochar samples, as the second
maximum is lower than 7 A

3.4. Three-way fit analysis

In order to further understand discrepancies between O,/H,
and N,/H, analyses, the 2D-NLDFT heterogeneous surface
kernels were simultaneously fit to all three (O,, N,, H,) iso-
therms for some samples. In particular, the aim here is to
compare the quality of fit according to the degree of activation
in each sample. The fits and PSDs achieved by this method are
compared for SA0.0-300 and SA1.0-300 in Fig. 5. When the fits
are examined using a logarithmic relative pressure axis
(Fig. 5(1b, 2b)), it is very apparent that the fit is extremely poor
for SA0.0-300, particularly in the low pressure region. While
individual O,/H, and N,/H, analyses for SA0.0-300 had trouble
with isothermal points below P/P, = 10~* (see Fig. S3(1b, 2b),
ESIT) this low quality of fit is very pronounced for the three-way
fit in the entire low pressure, (i.e. micropore) region of the
isotherm.

On the other hand, the three-way fit for SA1.0-300 is much
more satisfactory. It is also of note that for both of these
samples the fit to the H, isotherm is always good, indicating
that the uncertainties are a result of disagreements between the
N, and O, isotherms rather than H,. As for the PSDs, while peak
positions for SA1.0-300 are essentially the same as those seen in

Fig. 4
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Individual fits to O,, N, and H, isotherms for SA0.0-250 (1a) and SA1.0-250 (1b) and resultant PSDs from individual N, and H> (1b, 2b), and O, and

H> (1c, 2¢) isotherms. Corresponding dual fits overlaid for comparison (1b, 1c, 2b, 2c).
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Fig. 5 Simultaneous fit of O,, N, and H, isotherms of SA0.0-300 (1a, 1b) and SA1.0-300 (2a, 2b) using x-axis in linear (1a, 2a) and logarithmic (1b, 2b)
scales, as well as PSDs determined from the three-way fit (1c, 2c). Fits determined using same same parameters as in dual fits, i.e. identical upper and

lower pore limits, and 1 = 4.

either of the dual isotherm analyses (Fig. S3(1f, 2f), ESIt) the
same is not apparent for SA0.0-300.

To summarise, while there is consistency between O, and N,
fits for more highly activated samples, this is not true for less-
activated, so-called biochar samples. In other words when
probing ultramicropores, O, and N, produce different PSD
results, which can be attributed to the poor diffusion of N,
into smaller pores. As porosity broadens into the supermicro-
pore region, pores can accurately be measured by either
adsorptive.

4. Conclusions

This study compares porosity in biochars and carbons activated
using alkali metals as determined by two methods of dual
isotherm analysis, namely using the adsorptive pairs N,/H, and
0O,/H,. In particular, the reliability of using N, in such analyses
is called into question due to evident diffusion limitations in
carbon samples with a low degree of activation (biochars) or
where the smallest pores (ultramicropores) are prevalent. As
these diffusion limitations are not present for carbons activated
to a higher degree using Na' or KOH, we conclude that the
problems are associated with the size of pores found in
biochars. Indeed, when using O, (which penetrates these pores
with much less difficulty) PSDs derived using the dual isotherm
2D-NLDFT method are centred at widths below 7 A, i.e. in the

© 2022 The Author(s). Published by the Royal Society of Chemistry

ultramicropore region. Theoretically, improved ultramicropore
penetration by N, could be achieved either by allowing the
system to equilibrate for longer times at low pressure, or by
measuring the isotherm at a higher temperature. These mod-
ifications would however be impractical as in the first case
the duration of isotherm measurements would be excessive.
As for increasing temperature, this would require use of a
different cryogen and/or higher pressures for ‘total’ isotherm
measurement. This proves impractical on current, standard
porosimetric sorptometers while the use of O, and H, requires
the trivial task of attaching an additional cylinder to the
sorptometer.

Furthermore, using O, and H, gives a more realistic picture
of porosity development with increasing degree of oxidative
chemical activation as carbons are activated with an increasing
amount of porogen. That is, as the ratio of porogen/C is
increased we consistently observe a broadening in the PSD
for samples derived both from sodium carboxymethyl cellulose
and sawdust. This is in contrast to results derived using N, and
H, wherein despite increases in overall porosity with increasing
porogen/C ratio, there is little change in the widths of pores at
higher levels of activation. Indeed, for some sample sets a
contraction in pore width is observed as the amount of activat-
ing agent is increased. The narrative given by PSDs derived
using N, and H, cannot be accounted for by current under-
standing of mechanisms of porosity development during oxi-
dative chemical activation. The subtle effects of increasing
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amounts of porogen on the fine pore structure of these carbons
is only detectable by the highly sensitive methods used in this
work. Such sensitivity means that it is paramount to select the
appropriate adsorptives for the material.

Finally, attempts at fitting the 2D-NLDFT heterogeneous
surface kernels simultaneously to all three isotherms gives very
poor fits to the O, and N, isotherms for biochars. In theory, due
to the similar size of these adsorptives, fitting these two
isotherms together should be facile. This lends further cre-
dence to the notion that there is in fact an inconsistency in the
porosity which is probed by these two adsorptives. As these
problems are not present for more highly activated samples, it
is clear that above a certain pore width, O, and N, are equally
able to probe the porosity of such carbons. In other words O,
penetrates pores in the ultramicropore region to a much greater
extent.

Thus, we suggest that for carbons with a low degree of
activation, N, is an inadequate probing gas for determination
of porosity as it does not adequately probe ultramicropores.
When determining PSDs and other textural quantities for such
carbons it is therefore advisable to look to non-traditional
adsorptives such as O,. This logic should also be extended to
the use of adsorptives when attempting to understand the
development of porosity in carbons as the amount of activating
agent is increased. Further, the understanding of porosity in
non-carbonaceous ultramicroporous materials (such as CMPs)
or carbonaceous materials with richer surface functionality
may benefit from a similar analysis.
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