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Porosity, and in particular pore size is one of the most important considerations in the development of
porous carbons for CO, capture. Current methods for determining the optimum pore size for
adsorption of gases either make very broad assumptions (in computational studies), or are not
sufficiently exhaustive (in experimental studies). Herein we present a piece of software known as the
python Porosity Uptake Correlator (pyPUC) which employs a brute force, first principles method for
determining the range of pore sizes, Q, best suited to adsorption of a given sorptive at a range of
pressures. As an initial test, pyPUC is used to determine Q for CO, in a broad pressure range according
to N, porosimetry. The analysis is then extended to other porosimetric sorptives and combinations
thereof to assess their efficacy in determining Q for CO,, and we find that traditional N, porosimetry is
insufficient for determining the relationship between pore size and CO, uptake in ultramicroporous
turbostratic carbons. While pyPUC is not meant as a predictive tool, it facilitates a more robust and
thorough investigation of the relationship between porosity and adsorbate uptake capacity than current

rsc.li/energy-advances

1 Introduction

Porous carbons have been extensively investigated for their
potential use in gas storage and/or capture applications, in
particular related to energy storage applications including for
alternative fuels such as H, and CH, or for CO, capture.'™® A
material’s storage capacity for a particular sorptive is known to
be related to the porosity of the material, and in particular the
pore width plays an important role.>'°' Pore entrances for
sorption of some gas at a given pressure and temperature must
be large enough for the molecule in question can diffuse into it.
This lower limit to the so-called pore size range is not necessa-
rily solely determined by the size of the molecule; for example
while N, has a nominal kinetic diameter (d,) of 3.60 A, it has
been observed that at —196 °C in biochars this molecule
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methods, and provides a method for understanding such relationships more generally.

diffuses extremely slowly into pores of width 4 A.>*”* On the
other hand, adsorption can be improved by optimising the
interactions between parallel pore walls and adsorptive mole-
cules. That is, when the distance between pore walls is suffi-
ciently small, adsorbed molecules are affected by physical
attraction to both walls, which increases the heat of adsorption
and thus the retention of molecules within the pores.”>*® This
is particularly significant at low pressures where the adsorbate—
adsorbent interactions dominate.'*'>2773 It follows therefore,
that there is a range of optimum pore sizes for adsorption of
any given molecule at some pressure and temperature.

There have been several attempts to determine the optimum
pore size for given sorptives under some conditions. In general,
the approach to this has been to either identify the ‘ideal’ pore
size, i.e. a single width such as 6 A for H, with slight variations
depending on temperature and pressure.'>*® An alternative
method is to propose larger regions, i.e. an optimum pore size
range (herein referred to as Q);'>**?° for H, it has been
reported that ultramicropores, i.e. pores of width <7 A are
ideal.>*?' Sdanghi et al. expanded on this, finding that pores
narrower than 6.0 A are essential for maximising H, storage at
pressures below 1 bar, while broader PSDs are more relevant at
higher pressures.?” In practice, these regions or single widths
are determined via purely computational methods or from
experimentally determined uptakes and pore size distributions
(PSDs). Computational methods attempt to determine the
uptake of the sorptive in an idealised sorbent with pores of a
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single width via Density Functional Theory (DFT) or Grand
Canonical Monte Carlo (GCMC) methods.>***® Whereas experi-
mental data can be used to performing linear regressions of
uptake at a given pressure against pore volume in a certain
range (usually all pores below some maximum),'*'31%17:3%:39 gy
the latter method, Presser et al. determined (N = 24) that at
1.0 bar, pores in activated carbons of width <8 A are most
strongly associated with gravimetric CO, uptake, while this
reduced to 5 A for uptake at 0.1 bar. Pores larger than 10 A,
as well as the oft-used parameter of average pore size were
shown to be poor predictors of uptake at these low pressures."?
Average pore size can however be useful when compared
against so-called uptake density (uptake per unit surface area).
For example, Masika et al. found that uptake density of H,
(1 bar, —196 °C) reduced drastically as average pore width
increased from 10 to 20 A.*

Current experimental approaches to determining @ are
limited in that they typically only consider a small set of
possible Qs, which is informed by theoretical data, and only
at one or two pressures. Furthermore, the lower limit of the Q is
not typically varied - the assumption being that pores larger
than the diameter of the sorptive will always be strong con-
tributors to sorptive uptake under all conditions. As for com-
putational studies, not only is the use of materials having a
single pore width unrealistic for amorphous porous carbon, it
is difficult to account for factors such as surface chemical and
energetic heterogeneity and variation in pore geometry. Thus
we present herein the python Porosity Uptake Correlator
(pyPUC); a combined, iterative experimental and computa-
tional approach to 2 determination. Regressions are performed
using experimental data between all possible Qs at a large range
of pressures and used to determine the Q at each pressure. Both
the range and increment of the possible Qs and pressures can
be easily adjusted to give an extremely fine level of detail. As a
demonstration, pyPUC is applied to the determination of € for
CO, uptake in amorphous carbons at 25 °C where porosity is
determined from N, sorption isotherms obtained at —196 °C.
The relative efficacy of H,, O,, and N, (—196 °C) isothermal
porosimetry as well as dual fit N,/H, and O,/H, analyses is then
assessed for their ability to predict Q for CO, in highly ultra-
microporous carbons.

2 Methods
2.1 pyPUC

The pyPUC software requires both total gravimetric uptake
isotherms (v) for the adsorptive in question, and cumulative
PSDs () for a set of porous samples. Firstly, a model isotherm
is fit to each experimental isotherm in v using the pyGAPS
adsorption isotherm processing framework, via the modelling
package initially developed in pyIAST.*>*! These model iso-
therms are converted to point isotherms according to some
user-defined pressure range and increment. Thus, discrete
loadings are determined for all samples at identical pressures,
and are stored in the loading DataFrame (D,).
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Next, from 7 the apparent pore volume (V) or surface area (S)

of each sample between the minimum and maximum pore
width (Wiin and wp,a,, respectively) is determined vig;
V = V(Wmax) - V(wmin)a

S(Wmin)

(1)
S = S(Wmax) —

This is repeated across all pairs of wy,,, and wy,;;, prescribed
by the user, thus generating a parameter DataFrame (D,). The
number of parameters calculated N, is thus related to the
number of pore widths defined in the calculation N, by;

1 N

Ny =t
2(Ny —2)!

(2)

Thereafter, linear regressions are determined between every
row of D, and D, to give the correlation DataFrame (D.), i.e. D,
shows how well porosity (in terms of V or S) within each pore
width range in D, correlates to the loading of the sorptive on
the samples at each pressure in D,. Each row of D, contains the
Pearson coefficient (r%),** slope (m) and intercept (c) of the
regression. Finally, the best correlation at each pressure may be
found simply by selecting the maximum 7 value for a given
pressure after the exclusion of regressions giving a negative
slope. This is repeated for all pressures, giving the Q associated
with uptake of the sorptive at each pressure.

2.2 Carbon synthesis

Carbons were synthesised by pyrolysis of various biomasses
and synthetic polymers either alone or with the aid of a
porogen. In all cases they were washed after synthesis to
remove any non-carbonaceous matter. Synthetic summaries
are provided in for DataSet 1 (33 samples) and DataSet 2
(12 samples) in Tables S1.1 and S2.1 (ESIf) respectively. DataSet
1 was selected to give a large variety of PSDs that are represen-
tative of so-called activated carbons in general; that is samples
in this group have either solely microporous, solely meso-
porous or hierarchical (i.e. mixed) PSDs. DataSet 2 contains
principally microporous materials, especially those containing
a large proportion of so-called ultramicropores (w < 7).

2.3 Isotherm measurement and processing

All raw experimental isotherms measured as described below
are available in the electronic ESI,{ as human- and machine-
readable .aif files.** N,, O,, and H, isotherms for determination
of PSDs were measured at —196 °C on a Micromeritics 3flex
porosimeter at pressures up to P, for N, and O, and 1013 mbar
for H,. PSDs were determined using the SAIEUS software with
the appropriate 2D-NLDFT heterogeneous surface kernel(s), in
order to adequately account for chemical and energetic hetero-
geneity. Within SAIEUS it is possible to select an appropriate
fitting parameter, 2*** which controls the roughness of the
PSD. /4 was selected to provide the most realistic differential
PSD based on known properties of carbons, and in all cases was
between 2.5 and 5.0 and kept constant for carbons derived from
the same precursor (see Tables S1.1 and S2.1, ESI}). Isotherms

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and derived PSDs can be found in Fig. S1.6-S1.10 and S2.4-
S2.12 (ESI¥).

Gravimetric CO, uptakes were measured on gravimetric
analysers provided by Hiden; either the XEMIS analyser at
25 °C (0-40 bar) or the IGA at 18 °C (0-20 bar) for DataSet 1
and 2 respectively. Fits were attempted with Langmuir,*”*®
Double Site Langmuir (DSLangmuir),*® Triple Site Langmuir
(TSLangmuir),”® Guggenheim-Anderson-de Boer (GAB),**™"
Freundlich,’® Dubinin-Raduschkevich (DR)** and Toth®* theo-
retical isotherms using pyGAPS (see Section 2.1). The best fit
was then selected by minimum root mean square error (RMSE).
CO, isotherms as well as their best fits and details thereof can
be found in Fig. S1.1-S1.5 and $2.1-S2.3 (ESIf).

3 Results and discussion
3.1 From N, isotherms only

We first present the use of pyPUC to determine 2 according to
porosity derived from isotherms of the ‘“traditional” porosi-
metric molecule, N,. This is to establish the validity of this
brute force method and to compare results derived in this way
to those reported in the literature. A set of 33 carbon samples
were used in this section.

3.1.1 DataFrame preparation. The 33 activated carbons
and biochars used in the initial analysis have varied PSDs in
the range 3.6-100 A (by pore volume) according to fits to N,
isotherms with the 2D-NLDFT heterogeneous surface kernel
(see Fig. S1.6-S1.10, ESIt). It was possible to fit model iso-
therms to the experimental CO, isotherms in the full range
0.10-40 bar with a maximum root mean square error (RMSE) of
0.168 (Fig. S1.1-S1.5, ESIT), although fits were slightly poorer
for some isotherms at low pressures, notably aP-2800, aP-2900
and aP-3700 (Fig. S1.1(b2, b3, b5), respectively, ESIT). It should
be noted, that while a wide range of model fits were attempted,
only DSLangmuir, TSLangmuir and Toth models provided the
best fits to the experimental isotherms. DSLangmuir was by far
the most common best fit, while Toth was only used for two
samples. The model isotherms were output as 40 points in the
range 0.1-40 bar defined using a base-10 logarithmic increment
between points to give D,. Similarly, D, was calculated using
a base-10 logarithmic increment to give 100 w values
between 3.6 and 100 A. Determination of D, therefore required
198 000 linear regressions, which were used to determine the Q
at each of the 40 pressures defined in D, in terms of Vand S i.e.
Qy and Qg respectively. A more detailed calculation, using a D,
of 500 values between 3.6 and 500 A was also performed in
order to ascertain the effect of increasing the granularity of
detail used in the input data on the calculated Q. This calcula-
tion took almost 7 days each for 2y and Qg compared to the
original calculation which was completed within 24 h and
results are not significantly different. As such this data was
not used as the basis of the study. A comparison can be seen in
Fig. S1.11 (ESIY).

3.1.2 The optimum pore size region, £2. Fig. 1 shows Qy (a)
and Qs (b) in the pressure range studied. As expected, in both

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cases the range of Q broadens with increasing pressure. This
shows the positive effect to high pressure CO, uptake of more
hierarchical PSDs. It is also notable that in the case of both V
and S while wy,,, increases almost constantly, there are basi-
cally only two values for wp,,, starting at 3.6 A and then
increasing to around 7.0 A at some pressure. In other words,
there is a pressure range in which ultramicropores are strongly
associated with CO, uptake. This range is up to 7.4 and 3.4 bar
for Vand S, respectively.§ At 0.10 bar, Wy, is approximately 8 A
and increases to 17 and 11 A for V and S, respectively once Q
begins to exclude the ultramicropores. That is, with increasing
pressure supermicropores have an increasing influence on CO,
uptake. The fact that the pressure range wherein w,;, is 3.6 Ais
much smaller for S relative to V may be a result of reduced
influence of London interactions between the carbon surface
and the sorptive as pressure increases. Increased pressure
means that multilayer adsorption, and thus interactions
between CO, molecules becomes more dominant.

Once @ begins to exclude ultramicropores, there is a sharp
increase in W,y. As a result, Qg includes both supermicropores
and small mesopores after 6 bar. Conversely, Q, remains
strictly in the supermicropore region until 13 bar. Again, this
seems to be an indication of the difference in the how surface
area vs. pore volume improve adsorption of CO,. That is smaller
pores result in improved sorptive-sorptive interactions, while
larger pores provide more surface for CO, to interact with. This
is further exhibited by the large increase in wyay up to 100 A
for Qg at 16 bar which does not exist for Q,. Of course, this
upper limit for Qg is not real but represents the upper limit of
Wmax €stablished in the determination of D,. Nevertheless,
these results may inform design of porous carbons for different
applications; for example a carbon with high porosity below
8.0 A is best suited for low pressure capture of CO,, whereas
carbons for so-called pressure-swing adsorption (PSA) should
have hierarchical micro-mesoporous PSDs with minimal por-
osity below 8.0 A. This confirms previous reports,'**27:5%:36

3.1.3 Relative strength of correlations. Fig. 1, however does
not tell the full story as it presents each of the Qs as equal. That
is, there is no consideration of relative Pearson coefficients (r?),
which is presented in Fig. 2. While positive correlations were
established for each pressure in question, r> ranges from 0.57
at 0.10 bar (Fig. 2(a1)) to 0.88 at 40 bar (Fig. 2(d1)). Indeed,
r? steadily improves with increasing pressure and this trend is
shared both for the volume and surface area of pores within Q,
i.e. Vg and Sg respectively. The relatively poor fit at low pressure
may be a result of the imprecision of PSDs derived from N,
isotherms in the ultramicropore region.”>**** In addition, as
mentioned before fitting of models to CO, isotherms to P < 1.0
bar was in some cases less successful than for higher pressures,
thus there may be inaccuracies in the determined gravimetric
uptake at such pressures.

3.1.4 Effect of increasing pressure on influence of £ on
CO, uptake. Fig. 2 also shows the approximate relationship

§ In the more detailed calculation (see Fig. S1.11, ESIY) this limit is found to be
slightly lower.
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Fig.1 Qy (a) and Qs (b) at each pressure, i.e. optimum Wax and wpin plotted against pressure. The shaded area is thus the Q in each case.

between uptake at the pressure (U) in question and pore volume
or surface area within the Q in the form d—U or d—U, as derived
dVe — dSe

from the linear regression. It is thus possible to predict the
effect of increasing pore volume within the Q on CO, uptake at
that pressure, i.e. increasing volume of pores of width 3.6-8.3 A
by 1 cm® g' ought to result in an increase in uptake of
1.7 mmol g’1 CO, at 0.1 bar, whereas the same increase in
pore volume in the range 6.2-30 A (approximately the super-
micropore and small mesopore region) results in an improve-
ments in CO, uptake at 40 bar of 18 mmol g~ '. If we examine
slopes of fits in Fig. 2, (column b), a similar pattern appears,
with an increase in surface area of 1000 m” g * in pores between
3.6 and 8.3 A corresponding to a meager 0.57 mmol g '
improvement in CO, uptake at 0.1 bar compared with an increase
in uptake of 11 mmol g~ " at 40 bar when surface area in pores of
width 8.3-100 A increases by the same amount.

Furthermore, a clear positive, semi-logarithmic trend is

observed between ;TU and P, ie. it takes the form of a gas
Q

adsorption isotherm (see Fig. 3). A similar transform to that
used in determination of a Langmuir isotherm®” demonstrates
a strong relationship of the form;

dU P

dVQ:mP+c

3)

where the slope m is 0.054 cm® mmol " with an r* of 0.997. The
intercept, ¢ does not have any physical significance as it ought
to be a product of CO, uptake at 0 bar, and thus should be zero.
Its non-zero value is likely a reflection of the relatively high
uncertainty in the relationship between U and V at pressures
below 1 bar. A similarly strong fit (+> = 0.980) can be observed

for d—U

s, by the same treatment as in eqn (3), where m =
Q

dU
93 m? mmol *. However the relationship between 5.7 and
o

1012 | Energy Adv, 2022, 1,1009-1020

P is not exactly linear. Nevertheless, it is clear that with
increasing pressure, improvements in €y or Qg correspond to
rapid improvements in U at low pressures, but these improve-
ments diminish at higher pressures. This is likely a result of a
reduction in enthalpy of adsorption with increasing adsorbate
loading.

3.1.5 Association of arbitrary pore-size regions with
uptake. While Sections 3.1.2, 3.1.3, and 3.1.4 discuss £, ie.
the absolute best pore size range for CO, uptake at a given
pressure (according to the described methods), experimentally
targeting porosity of amorphous porous carbons within such
precise limits (e.g. 3.6-9.2 A at 1 bar) is unlikely to be practic-
able. Besides, these limits are ‘fuzzy’, in that the ‘next best pore’
size region to Q typically has a similar > value at the pressure in
question. It is useful therefore to examine the dependence of r*
as determined in the D, on pressure within specific pore size
regions, as shown in Fig. 4. For brevity, these results are
discussed and displayed in terms of pore volume only. The
traditional division of nanopores separates micropores into so-
called ultramicropores (<7 A) and supermicropores (7-20 A).
As shown in Fig. 4(al) ultramicropores are not particularly
strongly associated with CO, uptake at any pressure, although
r?* does improve at low pressures - in contrast to previous
reports.”>"®> On the other hand, supermicroporosity does
appear to correlate fairly strongly (0.6 < > < 0.8) with uptake
at pressures between 10 and 40 bar. This analysis also shows
that mesoporosity does not show any particularly strong rela-
tionship with a carbon’s ability to capture CO, at any pressure
below 40 bar - the maximum 7 is only 0.52. That is not to say
that mesopores are not important for high pressure CO,
adsorption, indeed as discussed in 3.1.2, both Q, and Qs at
40 bar include small mesopores, in addition to supermicro-
pores, with 7> of 0.88 and 0.84, respectively.

In Section 3.1.2 and Fig. 1 we see that at lower pressures £ is
approximately 3.6-10 A. Therefore, a reasonable alternative to
the traditional subdivision of micropores at 7 A could be at 10 A.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 CO, uptake, U vs. pore volume, V,, (column a) and surface area, Sg column (b) in @, at 0.10 (row 1), 1.0 (row 2), 10 (row 3), and 40 (row 4) bar.
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As shown in Fig. 4(a2), pores of width <10 A do indeed show
improved correlation with CO, uptake at relatively low pres-
sures with r* reaching 0.79 at 2.9 bar. Conversely the larger
subdivision, i.e. between 10 and 20 A does not show improve-
ments relative to the supermicropore designation, and has
much poorer correlations at high pressures. Expanding this
pore size region to include all pores above 10 A does not
significantly improve r* values in the pressure range used in
this study. In other words it appears that pore size regions to
target for high (10-40 bar) and medium (<10 bar) pressure
uptake overlap, with the former being pores above 7 A, and the
latter below 10 A. Low pressures (<1 bar) require even smaller
pores of widths less than 8-9 A (see Fig. 1 and 2(a1-2, b1-2)).
Fig. 4(b1 and b2) show the effect of a broadening pore size
region on the relationship between r* and P, with a fixed lower
limit of 3.6 and 7.0 A respectively. These lower limits corre-
spond to the two values of wy,;, mentioned in 3.1.2. In both
cases small increases in wp. have a strong affect on the
pressure at which correlation is strongest for the pore size
region. However at higher values of wy.y, this discrepancy is
reduced. For example pores of width 7.0-31 and 7.0-90 A have
their strongest association (r*> ~ 0.85) with CO, uptake at 40
bar. This corresponds roughly to Qy at 40 bar (Fig. 2(d1)) and
shows that at high pressures larger pores may not significantly
effect adsorption of CO,. It is interesting to note that very
narrow pore size ranges ie. 3.6-4.7 and 3.6-6.2 A (Fig. 4(b1)) do
not show any significant relationship to CO, uptake, in fact r*

1014 | Energy Adv., 2022, 1,1009-1020

never exceeds 0.27 for either of these pore size regions, so any
variation in 7> here is of limited interpretation. That is, there
appears to be a lower limit to pore size that positively
affects uptake at pressures of 0.10 bar and greater which is
around 8.1 A.

3.2 Highly ultramicroporous carbons

We recently reported on relative improvements in the precision
of PSDs determination by use of dual fits of DFT kernels to O,
and H, isotherms relative to using N, and H,.>* This was
particularly relevant to so-called biochars and carbons activated
with small amounts of porogen, both having a high proportion
of ultramicropores. The rationale being that N,’s poor diffusion
into ultramicropores meant that PSDs, especially at the smaller
end of the micropore region, are imprecise. In addition, when
NLDFT kernels were fit to N,, O, and H, isotherms individually
there were notable discrepancies in derived PSDs, which were
more evident for the more ultramicroporous carbons.** In the
previous section it was noted that the Pearson coefficient for Q
was very low at low pressures, which may be a result of
imprecise PSDs for DataSet 1 in the ultramicropore region. It
is useful therefore to examine the relative results of Q determi-
nation using PSDs from single N,, O, and H, isotherms as well
as from dual kernel fitting. The following sections examine
PSDs from these sorptives and combinations thereof in the
determination of optimum porosity in the 12 carbons in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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DataSet 2. Synthetic details for these samples can be found in
Table S2.1 (ESI¥).

3.2.1 Analysis using PSDs from single isotherm H,, N,, and
0, fits. CO, uptake isotherms, their fits, and PSDs from the
three sorptives can be found in Fig. S2.1-S2.3 and S2.4-S2.6
(ESIT). A comparison of Qy derived using each of the three
isotherms (i.e. Q5°"P%™"°) in question in the pressure range 0.10-
20 bar can be found in Fig. 5.9 It is clear that no single sorptive
is providing a reasonable €, for DataSet 2 throughout the

prescribed pressure range. In particular, Qy from N, (QI,\,JZ)

isotherms (Fig. 5(al)) gives the unreasonable conclusion that
up to 2.1 bar Q],\/12 is constant at around 5.8-6.3 A. This is both a
surprisingly narrow range, and it is unlikely that there would be
effectively no broadening of ng with increasing P up to this

point. Similarly, after 2.1 bar Q0* (Fig. 5(a2)) drops to a very
narrow, relatively constant range (approximately 10-11 A). This
may simply be an effect of the minimal increases in CO, uptake
for these carbons above 2 bar (see Fig. S2.1-52.3, ESIt), which is
attributable to the very low porosity of these carbons in the
supermicropore and mesopore regions (see Fig. $2.4-52.6,
ESIT).** As such discussions of these analyses are best limited
to uptakes at P < 2.0 bar.

For analyses using both O, and H, there is a broadening in
Qy with increasing P at relatively low pressures which is not
present according to N, analysis. In addition, as shown in
Fig. 5(b), r> is lower at all pressures for correlations derived
using Q)2 data compared to Q92 and Q2. While Q* data
shows the best correlations in general, > from Q! data is
greater at 0.10 and 0.13 bar. In other words, for this set of
carbons, porosity accessible to CO, is best determined using H,
isotherms up to 0.13 bar, and thereafter (up to around 2.0 bar)
using O, isotherms. This follows from the standpoint of H,
having access to — and thus predicting the presence of — pores
of widths as small as 3.0 A, while the lower limit for O, is 3.6 A.
Thus the contribution of pores of widths less than 3.6 A to
low pressure CO, uptake can only be accounted for using

H, porosimetry, yielding Ql,jz =3.3-59A. At 0.17 bar and
above, pores above 6.0 A appear to become more heavily
utilised for CO, adsorption according to relative magnitudes
of r*. The upper limit of porosity measurable by H, at
—196 °C is unknown, however it is usually said to be between
8.0-10 A.?>>* This explains why results for Q> =33 -59 A
become less reasonable at pressures above 0.3 bar; H, porosi-
metry is unsuitable for prediction of CO, uptake at these
pressures. Indeed, in determination of PSDs from fitting of
the DFT kernel to H, isotherms, wy,.x was set to 10 A.

Fig. 6 presents further information on the relative efficacy of
the three sorptives in measuring pores of widths below some
limit (Wpmay), and the relationship between pores of these widths
and CO, uptake between 0.10 and 2.0 bar. It is striking that
when Wy, is set at 5.0 or 6.0 A, only H, porosimetry provides

Results for Q3P are sufficiently similar to not require a separate discussion
ly q P
here. A comparison is displayed in Fig. S2.13 (ESIf).
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P/ bar

Fig. 6 Comparison of dependence of r? on pressure with increasing Wmay
as determined using PSDs from N, (a), O, (b), and H> (c) isotherms.

reasonable correlations (r> > 0.60) at any pressure. Indeed, in
the case of O, (see Fig. 6(b)) r* is zero at all pressures and thus
cannot be displayed within the figure. Strong correlations only
begin to be shown when wy,, is set to 10. PSDs derived from O,
isotherms do show porosity in the ultramicropore region, thus
it may be concluded that the ultramicropores accessible to O,
are not important for CO, uptake, while those ultramicropores
accessible to H, do contribute to CO, uptake. The latter state-
ment can be accounted for by the fact that H, has access to
pores undetectable by O,. Similar rationale can be applied to
the plot for N, (Fig. 6(a)). When w,, is increased past 10 A, 2
vs. P plots become very similar in the case of calculations made

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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ya00149g

Paper

View Article Online

rZ

Energy Advances

20 20 20 20
184 (al) 184 (a2) 181 (a3) 18 1 (a4)
16 16 16 16
14 14 1 14 14
< 121 < 124 <121 <124
> wv > %)
S 10 S 101 S 10 S 10
8 8 1 8 8 1
6 H 61 6 6
41 41 41 4
0.10 1.0 10 20 0.10 1.0 10 20 0.10 1.0 10 20 0.10 1.0 10 20
20 20 20 20
184 ®1) 16 2) 1803 16 0%
16 16 1 16 16
14 14 1 14 14
<124 < 124 NEFE <124
3 g g g
S 101 10 A 10 10
8 8 8 8
6 61 6 6
41 \(/| 41 4 4
0.10 1.0 10 20 0.10 1.0 10 20 0.10 1.0 10 20 0.10 1.0 10 20
0.95 1 ]
(c1) bb}bbbbbb}b»»»»mw 0.95 () >>>>>>P>>>>> (c3) O......OQOOQQQ& (c4) .OOOOOOGOOOCCS
L lanbdbsaaand A >>>>>>>>>>>»»»» 0.5 ° 0.95 o®
0.90 A 0904 A A ® . 8
A
A a A 0.90 0.90 - °
0.85 4 0.85 ' 8 ’ o
. D [} D o~ o~ .
h = 0.851 "~ 0.851
0.80 - 0.80 ' ° .
A A ¢ © ¢ O
A 4 4
0754 0.75 1 0.80 0.80
A dual Ny/H, ® dual Oy/H;
0.70 4 & only N, 0.70 4 0.75 4 o only0, 0.75 ¢
0.10 1.0 10 20 0.10 1.0 10 20 0.10 1.0 10 20 0.10 1.0 10 20
P/ bar P/ bar P/ bar P/ bar

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd 6%:L7°0T 9202/7T/E U0 papeo|umoq "ZZ0z JB0o100 #7Z U0 paus!idnd 801y sse00Yy usdO

1017

Energy Adv., 2022, 1, 1009-1020

Fig. 7 Comparison of Qy (al, bl, a3, b3) and Qs (a2, b2, a4, b4) as determined by N, (al, a2), O, (a3, a4) and dual N»/H (b1, b2) and O,/H, (b3, b4)

porosimetry. Row (c) contains comparisons of r? with P for the two @ plots directly above.
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using both N, and O, derived PSDs. This indicates that there
is little measurable improvement in CO, adsorption
(under 2.0 bar) by broadening the PSD past 10 A, however this
may simply be a result of the relatively narrow PSDs present in
these samples.

In summary, examination of D, for DataSet 2 with each of
the three porosimetric sorptives shows that low pressure
(<2.0 bar) CO, uptake is improved by increasing volume in
pores below 10 A. In addition, N, is consistently outperformed
by O, and/or H, at measuring porosity appropriate for CO,
uptake. However, while porosity as determined by O, improves
CO, uptake at pressures above 0.13 bar, H, is needed to
determine optimum porosity for uptake at ultra-low pressures.
It is therefore logical to consider PSDs as determined via
dual isotherm analysis as a way to extend the range of
pressures at which optimum pore size for CO, can be accurately
determined.

3.2.2 Analysis using PSDs from dual isotherm N,/H, and
0,/H, fits. Fitting the 2D-NLDFT heterogeneous surface kernel
to H, simultaneously with N, or O, allows the calculation of the
range of the PSD in the range 3.0-500 A. Thus, using these dual-
fit PSDs in the calculation of D. and @ should allow for
consideration of the affinity of all pores in this range for CO,
in the defined pressure range. Fig. 7 compares Qy and Qg from
single isotherm (N, and O,) fits to those obtained by dual
fitting with H,. In all cases, the Q vs. P plot for the dual fit
(Fig. 7(b1-b4)) appears more reasonable than the corres-
ponding plot for single fit (Fig. 7(al-a4)), especially when

P <1.0 bar. In the case of Q,I\,IZ/ ™ the improvement over

single fit is principally in that the breadth of pore sizes
(approx. 3.0-8.0 A) in QEZ/HZ below 1.0 bar is much more

realistic than for Q,Ijz. There is however no broadening within

2

this region with increasing pressure, unlike for 9?2/ ™2 which
may be a result of the difference in nature of adsorbate-
adsorbent as compared with adsorbate-adsorbate interactions
as highlighted in Section 3.1.2. In addition to the relationship
between Q and P being more realistic in terms of both surface
area and pore volume, the r* is consistently better for both
Q,IjZ/ "2 (c1) and Q?Z/ M2 (¢2) than their single-isotherm PSD
counterparts. That is to say, that extending the range of
accurate, measurable porosity well into the ultramicropore
region yields improved certainty in the determination of opti-
mum porosity for CO, uptake.

r? values for ng/Hz and ng/Hz only shows noticeable
improvements at pressures below 0.30 bar compared to their
single isotherm counterparts (Fig. 7(c3 and c4)). This again
indicates the importance of porosity penetrable by H, alone in
the adsorption of CO, at low pressures. For Qlo/z/ﬂ2 (Fig. 7(b3))
this corresponds to a significantly smaller range at low pres-
sures, with pores in the range 3.6-4.2 A being most associated
with CO, uptake at 0.10 bar, compared to 6.1-8.3 A for Q,(zz
(Fig. 7(a3)). Broadening in Q?Z/ ™2 js also briefly apparent as
P increases to 0.13 bar, but falls to an unrealistically narrow

range again quickly. On the other hand Q(S)Z/ "2 (pig. 7(b4)) gives
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the most physically reasonable result as it broadens consis-
tently with increasing P. Furthermore, we see three distinct
values of wy, of 3.5, 6.3, and 8.8 A. The latter two values reflect
the results shown in Fig. 1, indicating that the use of dual
0,/H, isotherms gives information on the pressures at which
the influence of the smallest of ultramicropores on CO, uptake
is greatest, that is below 0.30 bar.

The utility of dual isotherm porosimetry with H, as one of
the probes in CO, porosity uptake correlations is further
emphasised on examination of the dependency of r> on P with
broadening PSDs (see Fig. 8). In the case of the corresponding
plots for single isotherm fits (Fig. 6) H, was the only probe
molecule that provided strong correlations where wy,a is 5.0 or
6.0 A. While dual N,/H, porosimetry (Fig. 8(a)) provides some
improvements for these narrow pore width ranges compared to
single isotherm N, (Fig. 6(a)), the most significant improve-
ments are for O,/H, relative to O,. Indeed, for all values of wy,.x
between 5.0 and 7.0 A there are reasonable r* values (>0.50)
(Fig. 8(b)) at some pressure, with W, = 5.0 A showing the
greatest improvement relative to the its single isotherm coun-
terpart. In fact, the plot for 5.0 A shows improvement even
relative to its corresponding plot from single isotherm H,
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g
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Fig. 8 Comparison of dependence of r? on pressure with increasing Wmax
as determined using PSDs from dual N,/H; (a) and O,/H; (b) isotherms.
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porosimetry (Fig. 6(c)), as 7> does not fall below 0.50 at pressures
below 5.0 bar. In other words, while H, porosimetry shows that
pores of width less than 5.0 A have a reasonable association with
CO, uptake at 0.10 bar only, combined O,/H, porosimetry shows
that this continues to much higher pressures.

It appears therefore that dual O,/H, porosimetry may give a
more nuanced and reasonable picture of porosity relevant to
CO, uptake within samples in DataSet 2 as compared to both
dual N,/H, analysis as well as PSDs from single sorptives. In
particular, if we compare results from O,/H, analysis to the
traditional N, analysis it is interesting that the presence of
micropores of width <5.0 A according to the former (Fig. 8(b))
are at least as important as micropores in general according to
the latter for CO, uptake at very low pressures (see Fig. 8(b) and
6(a), respectively). While more investigation is necessary to
determine the precise reasons for the differences in results
given by dual isotherm O,/H, and the other methods measure-
ment of the porosity most relevant to CO, uptake in highly
ultramicroporous carbons, it remains clear that both the cer-
tainty of these results from the former and their correspon-
dence with accepted theory of gas adsorption in pores is better.

4 Conclusions

pyPUC shows promise in its ability to thoroughly and definitively
elucidate the relationship between porosity within some pore size
range, and uptake of a gas at some pressure. We have examined
its utility in determining the optimum pore size region in terms of
pore volume or surface area (Qy or ) for CO, capture in
turbostratic carbons at pressures between 0.10 and 40 bar. More
than broadly confirming reports by previous experimental and
theoretical studies, this work gives a much higher level of preci-
sion concerning the relationship between Q and P. Furthermore,
it is possible to approximately predict the increase in CO, uptake
achieved by increasing porosity within the Q. Apart from optimum
pore sizes ranges, we also find the relationship between pores
within arbitrary width ranges on CO, uptake.

In addition this method allows facile, comprehensive com-
parison of such results using different isothermal porosimetric
methods for PSD determination. This is particularly relevant to
highly ultramicroporous carbons, wherein the utility of N, has
been called into question. Here, we show that dual isotherm
analysis, and in particular O,/H, analysis improves our predic-
tions of CO, uptake especially at very low pressures.

The pyPUC method can be easily expanded to be used for
calculations related to the uptake of other sorptives, adsor-
bents, under different conditions, and with other variables (e.g.
surface chemistry) accounted for. Results from our methods
may help improve the design of porous materials for a wide
range of adsorption applications.
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