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Abstract

A new approach model was developed for the pore size characterization of carbon porous materials, using adsorption gases.
The experimental adsorption isotherms of CO, and N, onto carbon nanoparticles were used to test the validity of such model.
The Trimodal-Gauss-Monolayer model has been found to adjust well the experimental data of CO, sorption at 273 K and
has allowed detect the ultra-micropores till 0.7 nm. For the mesopores and macropores, it has been concluded that the N,
sorption isotherms at 77 K are suitable to characterize this kind of porosity. These isotherms have been well fitted with the
Gauss-Monolayer/Gauss-Finite Multilayer model derived from the same approach. Thereby, the novel method can be used
as a generalized technique for the simulation of type I'Va isotherms. Indeed, this novel method agreed with other methods,

NLDFT, QSDFT, and VBS available for pore size distribution.

Keywords Carbon nanoparticles - Pore size distribution - Statistical mechanics modeling - N, adsorption/desorption and

CO, adsorption isotherms

1 Introduction

Carbon materials are widely used in many applications such
as drug delivery and other medical uses due to their small
diameters and ability to penetrate cells and tissues (Nagaraju
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et al. 2015; Zhang et al. 2009, 2017; Prehal et al. 2017; Prz-
epidrski et al. 2013). The porous texture, i.e., pore volume
and pore size distribution (PSD) is an important characteris-
tic that controls their properties (Tao et al. 2009; Wongkob-
lap et al. 2010; Jahandar Lashaki et al. 2016). Therefore, the
characterization of the porous texture is required to predict
and understand the performance of an adsorbent, as stud-
ied by many researchers (Tao et al. 2009; Chu et al. 2014;
Guillet-Nicolas et al. 2016; Reichhardt et al. 2012; Seo et al.
2015; Zhang et al. 2013).

The analysis of nitrogen adsorption/desorption meas-
ured at 77 K is known to be an efficient tool to evaluate the
PSD using several methods/models (Gregg and Sing 1982;
Rouquerol et al. 1999). However, the diffusion of N, mol-
ecules at 77 K into carbon micropores is very slow (Jagiello
and Thommes 2004). Furthermore, at this temperature, it
was emphasized out that the diffusional limitations might
influence the adsorption in ultra-micropores, i.e., pores
smaller than 0.7 nm (Rodriguez-Reinoso and Linares-Solano
1988). This leads to time-consuming measurements and
can cause under-equilibration of measured adsorption iso-
therms, especially, for porous carbons which contains a large
range of pore sizes including ultra-micropores (Jagiello and
Thommes 2004). Nevertheless, these problems have been
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overcome by using carbon dioxide adsorption analysis at
273 K (Garrido et al. 1987) as it was proposed by Rodri-
guez-Reinoso et al. (1988). Indeed, at 273 K of temperature,
CO, molecules can access more easily the ultra-micropores
than N, at 77 K despite that the critical molecular dimen-
sions of both gases (N,—3.64 A, C0,—3.30 A) are similar
(Jagiello and Thommes 2004; Joshi et al. 2007).

The widely used methods for the characterization of
pore structure of carbons and other porous materials are the
microscopic methods such as Monte Carlo (MC) (Wong-
koblap et al. 2010), molecular dynamics (MD) (Gelb and
Gubbins 1999) simulations, non-local density functional
theory (NLDFT) (Landers et al. 2013; Li et al. 2014),
quenched solid density functional theory (QSDFT) (Nei-
mark et al. 2009), and two-dimensional density functional
theory (2D-DFT) models (Jagiello and Olivier 2013); and
the macroscopic methods such as the ones of Barrett, Joyner
and Halenda (BJH) (Barrett et al. 1951), Pierce (1953), Dol-
limore and Heal (DH) (Dollimore and Heal 1970), Kruk,
Jaroniec and Sayari (BJH-KJS) (Kruk et al. 1997). A macro-
scopic method referred to Villarroel-Barrera—Sapag (VBS)
was also proposed to evaluate the PSD of mesoporous mate-
rials taking into account the correct filling/emptying mecha-
nism of each type of pores as an improvement of the BJH
and DH methods (Villarroel-Rocha et al. 2011, 2014). All
the above mentioned methods could be used considering the
specific physics considerations of each one and its restric-
tions. Nevertheless, as it is known, DFT method provides
reliable information about the pore size distribution of dif-
ferent materials in the entire range of pore sizes (Nakhli
et al. 2014).

In our previous work (Bergaoui et al. 2016), a new inte-
gral equation named Gauss-Monolayer/Gauss-Modified
BET (GM/GMBET) model was developed for PSD predic-
tion from N, adsorption/desorption isotherms of type II or
III according to TUPAC classification (Nakhli et al. 2014)
and applied to the case of polystyrene and its copolymers.
The local isotherms used in this previous work are the mon-
olayer and the modified BET models (Khalfaoui et al. 2003)
in which monolayer filling mechanism and infinite capillary
condensation are taken into consideration. These two models
based on statistical physics simulation (SPS) method involve
parameters having physical significance, unlike empirical
models.

In this work, the GM-GMBET method was extended to
the simulation of type I'Va isotherms, like the ones of car-
bon nanoparticles (CNPs). This isotherm type, at low rela-
tive pressures is similar to type II. Therefore, the monolayer
model was used as a local isotherm. However, at high rela-
tive pressures, the application of the modified BET model
(Bergaoui et al. 2016; Khalfaoui et al. 2003) has limitations
for this type I'Va isotherm which does not possess any satu-
ration level (the plateau in the isotherm). Thus, the finite
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multilayer model (Nakhli et al. 2014) was used as a local
isotherm considering a capillary condensation that is having
a saturation level unlike an infinite capillary condensation
from the classical BET model.

As it was mentioned, the CO, adsorption isotherms at
273 K (type Langmuir) allow to achieve a complete char-
acterization of CNPs beside the N, data at 77 K, and con-
sidering that some studies, using molecular simulation
(Seaton and Walton 1989; Tan and Gubbins 1990, 36) and
experimental data (Kaneko et al. 1989; Kakei et al. 1990)
has suggested a monolayer formation even in micropore fill-
ing, in this work the PSD from CO, isotherms data was also
obtained by using the same statistical physics approach.

2 Methods
2.1 Experimental measurements

Three CNPs samples representing different pore structures
denoted C,NPs, C,NPs, and C;NPs were analyzed using
adsorption isotherms of N, at 77 K and CO, at 273 K.
These studied carbon nanoparticles have been prepared
from organic resins in aqueous solution following the
approach of Pekala (1989) and according to the procedures
developed by Barroso-Bujans et al. (2014). The carbon
nanoparticles were obtained by the pyrolysis of the organic
resin at 900 °C for 4 h in a nitrogen atmosphere using a
heating rate of 3 °C/min and a cooling rate of 5 °C/min.
Indeed, to obtain nanoparticles with different pore struc-
ture, the reactions were performed at different pH by add-
ing appropriate amounts of sodium hydroxide and keeping
the Resorcinol (R)-to-Formaldehyde (F) molar ratio (R/F)
at 0.5 (Barroso-Bujans et al. 2014). Adsorption isotherms
of N, and CO, were measured using manometric adsorp-
tion equipment (ASAP 2020, Micromeritics). Before the
adsorption measurements, the samples were outgassed for
6 h at 250 °C. From N, adsorption data, the specific surface
area (Sggr) and the total pore volume (V) were calculated
by the Brunauer-Emmet-Teller (BET) method following
the IUPAC recommendations (Thommes et al. 2015) and
Gurvich’s rule (Rouquerol et al. 2013), respectively, for all
samples. The a,-plot method (Gregg and Sing 1982) was
used to calculate the micropore volume (V) and the exter-
nal surface area (S,,,) using the GCB-1 non porous carbon
as a reference adsorbent (Nakai et al. 2010). The mesopores
volume (V_..,) was obtained from the difference between
Vrand (V).

The PSD was obtained using the macroscopic VBS
method (Villarroel-Rocha et al. 2011, 2014). This method is
an improved BJH one (Barrett et al. 1951) using a f . correc-
tion term obtained by fitting the experimental isotherm with
a set of simulated isotherms. In the present study, the VBS
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method was applied in the relative pressure range from 0.05
to 0.98. The PSDs from the QSDFT and the NLDFT were
also compared with those derived from the VBS method.
These last methods are included in ASiQwin software, v. 4.0
(Quantachrome instruments).The kernel selected for QSDFT
method was N, at 77 K on carbon slit/cylindrical pores (Nei-
mark et al. 2009). For NLDFT method, the selected kernel
was CO, at 273 K on carbon slit pores (Ravikovitch et al.
2000).

2.2 Assumptions model

The new theoretical model has been developed based on the
following assumptions:

I. The adsorption process involves a successive mon-
olayer formation followed by a multilayer formation.

II. The same adsorption process is assumed in all the
pores range, based on previous experimental and
simulation studies mentioned above.

III. Any pore geometry is considered due to the proposed
model is based on classical thermodynamics.

IV. In the case of PSD evaluation from CO, adsorption
data the proposed model assumes a heterogeneous
microporosity considering three kinds of micropo-
res (ultramicropores, and narrow and larger super-
micropores). Therefore, a trimodal Gaussian distribu-
tion function is used.

2.3 Theoretical approach and simulation method

By using the newest methods, the PSD is calculated from an
equation in which the experimental isotherm is the integral
of the local pore isotherm multiplied by the pore size distri-
bution as (Seaton and Walton 1989):

0.(p)= | [(@).0u_(p,@)dew 1)

D

where Q,(p) is the adsorbed quantity at a pressure p, ®,,,
and w,,,, are the minimum and the maximum pore size,
respectively, and Q,_,,(p, ) is the adsorbed quantity of the
local/kernel isotherm at pressure p and a pore size @. The
pore size distribution, f(w), is the distribution of the pore
volume as a function of the pore size.

For nitrogen adsorption isotherms on materials with
large mesopores or narrow macropores, the monolayer is
usually completed at relative pressures lower than 0.35, and
at higher values, the number of adsorbed layers could go to
infinity. These materials present type Il isotherms, where the
adsorbed amount quickly increases at high relative pressures
close to 1. To evaluate the PSD of this type of materials
(Bergaoui et al. 2016), we have proposed a method named

GM/GMBET based on the description of the whole isotherm
by two local isotherm branches using a monolayer and a
modified BET models (Khalfaoui et al. 2003). In this previ-
ous work, the filling mechanism of the monolayer and the
infinite capillary condensation were taken into consideration.

For the type I'Va isotherms, the similarity at low rela-
tive pressure branch with type II isotherm leads us to use a
monolayer model as a local one. Moreover, the character-
istic features of the type I'Va isotherm are on the one hand
its hysteresis loop, owing to the capillary condensation of
the adsorbate in the mesopores, and on the other hand, the
saturation uptake achieved (the plateau) at high relative pres-
sure (Sing 1985). Therefore, the modified BET model (Ber-
gaoui et al. 2016; Khalfaoui et al. 2003) cannot be applied
for this kind of isotherms (type IVa), because it does not
specify a saturation level. Thus, at high relative pressure, an
analytical expression was used describing the physisorption
when the number of adsorbed layers is greater than unity and
finite. This finite multilayer model is addressing the above
limitation and can be used as a local isotherm with a satura-
tion level (Nakhli et al. 2014), introducing the number of
adsorbed layers as a fitting parameter.

Firstly, a statistical physics simulation (SPS) was realized
to determine the local isotherm parameters, and secondly, an
integral equation procedure was applied to evaluate the PSD.

2.3.1 Local isotherms

Each set of equilibrium data was correlated with pure-spe-
cies equilibrium numerical models. Two different expres-
sions of the local isotherms have been used for N, and CO,
adsorption: the monolayer (M) (Khalfaoui et al. 2003) and
the finite multilayer (FM) (Nakhli et al. 2014) models.

For the monolayer adsorption model, the receptor site
can be empty (N; = 0) or occupied once (N; = 1). Then, the
partition function of one receptor site is written as (Khal-
faoui et al. 2003):

Gge = 147 ©)

where € (kJ) is the adsorption energy of the receptor site,
u (kJ) is the chemical potential, and f is defined as being
(1/kgT), where kg is the Boltzmann’s constant.

The dependence between the adsorption energy, €, and
the pore size can be expressed as (Bergaoui et al. 2016;
Rouquerol et al. 2013; Sun 2002):

e= ©

w

where K (kJ nm/mol) is a characteristic constant for a
defined adsorbate/adsorbent system and w (nm) is the pore
size.
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This leads to the following expression of the adsorbed
amount, Q,_,:

0. .0 <£ W> L
s e (2 @
P

where 7 is the number of the adsorbed molecule(s) per site,
N, (cm®liqg™) is the receptor sites density, R
(8.314 J/K mol) is the universal gas constant, 7' (K) is the
absolute temperature and 5 1s the relative pressure.

If the adsorption occurs w1th a capillary condensation fol-
lowed by a saturation level, the receptor site can be empty
(N; = 0), occupied once (N; = 1), twice (N; = 2), etc., up to
N; = N,, where N, is the average number of the adsorbed
layers. In such case, the grand canonical partition function is
written as:

Ne — e~ Neb(er—n)
ch — Z e_ﬂNi(fi_ll) — 1 + e_ﬂ(gl_l‘) X [le;:l
N0 1-— e—ﬂ(fz—ﬂ)

&)
where €;_; , (kJ) is the adsorption energy for the first layer
(i = 1) and the second one (i = 2).

Accordingly, the amount adsorbed, Q,_,,. is given by the
following expression:

where f; is the fraction of the pore volume, w° is the
average pore size and o is the dispersion of the Gaussian
distribution.

For N, adsorption/desorption isotherms, the integral equa-
tions using the monolayer model in the first region of relative
pressure (i.e., up to 0.35) and the finite multilayer model in the
second region (between 0.35 and 0.99) as local isotherms to
fit our experimental data, can be written as follows in Egs. (8)
and (9), respectively:

O, GM< >— ]Mﬁ(w) Q_M< >da) ©))]
P° P°

wm”l

Qo GFM(p > = }mfz(w) O, FM<£O,w>da) )
P )4

where f)(w) and f,(w) have the same expression of f(w)
with different fractions of pore volume, f; and f, (instead
of f;), are related to the first and second peaks, respectively.
Wmin and wyax are the minimum and the maximum pore
size, respectively.

Then, the N, adsorption equilibrium data in each segment
were fitted dependently with the sum of GM (Eq. 8) and GFM
(Eq. 9) models:

—wrr( , 2 \" p \"™N p "N+
e (a.;) 1—(Nf+1)(ﬁ) +Nf(p—0)

p _
Qa—FM(}%’ W> _nXNm X , " B ) n , N, , n ©6)
[1 - () wermmr(at) x <1 -(5) )] - (5) ]
with « as constant, (a = efL/ RT) such as g, (valid for the
second and higher llayers) is' equal to the liquefaction I'leat as Q. <£0> =0, cu (%) + 0. Gru <£0> (10)
assumed by the finite multilayer (FM) model (Nakhli et al. p p p

2014). Indeed, it is assumed that each layer is anchored with
an adsorption energy level ey = [e + (N, — 1).£,], where
€ is the monolayer adsorption energy due to the adsorbent-
adsorbate interaction and g; is an adsorption energy related
to the adsorbate—adsorbate interaction (Nakhli et al. 2014).

2.3.2 Integral procedure: PSD evaluation

Equations (4) and (6) have been extended for predicting the
pore size distribution from N, and CO, adsorption equilib-
rium data, by assuming a PSD function f(w). The adsorption
energy distribution function most commonly used is Gaussian
(Leo 1994). Thus the pore size distribution, f(w), is written
as follows:

202

B K (1/w—1/w°)* x K2
fw) =fyx m exp <— (7
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Equation (10) resumes the use of the Gauss-Monolayer/
Gauss-Finite Multilayer (GM/GFM) model.

For CO, adsorption isotherms, the prediction of PSD was
evaluated by using the Eq. (4) as local isotherm. This equation
was coupled with a trimodal Gaussian distribution function
allowing us to use the following equation:

p p p
2,(55) =Chonlip) +hn() + ()
an
a)i)da)i

It can be noted that the trimodal PSD corresponds to three
pore volume fractions: f;, f, and f;. Equation (11) resumes
the application of the Trimodal-Gauss-Monolayer (Trimodal-
GM) model.

o

124 na

where 07 (,%) = /i (%)-Q;—M(,%’
[&]

imin
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Finally, the N, adsorption equilibrium data were fitted with
GM/GFM model, and the CO, adsorption isotherms were fit-
ted with Trimodal-GM model, by minimizing the sum of the
squares of the errors (ERRSQ) (Chan et al. 2012):

J

2 (Qcalc - Qmeas‘),‘2

= 12)

ERRSQ =

where Q. is the theoretical adsorbed amount calculated
according tothe local isotherm models, Q,,,.,, is the experi-
mentally determined adsorbed amount and j is the number
of data points.

The corresponding absolute relative error (ARE) values
were estimated from Eq. (13) (Kapoor and Yang 1989), and
the optimum fitting parameters were obtained.

J
ARE (%) = 190

i=1

Qcalc - Qmeas

1
Qmeas ( 3)

i

Then, the PSD has been obtained by a fitting procedure
based on the solver add-in of Microsoft Excel (Microsoft
Corporation 2007), which is based on the Generalized
Reduced Gradient algorithm with nonlinear optimization.
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3 Results and discussion
3.1 Experimental isotherms and textural properties

Nitrogen adsorption/desorption isotherms at 77 K for C;NPs,
C,NPs, and C;NPs samples are depicted in Fig. 1. According
to the [UPAC classification, all materials exhibited type IVa
isotherms and present hysteresis loops which are typical of
mesoporous materials (Sing 1985; Barrera et al. 2011). The
isotherms of C,NPs and C;NPs samples exhibit an H1 type
hysteresis loop while in the isotherm of C;NPs the H2 type
hysteresis loop closes at 0.4 p/p’ indicating the presence of
cavitation phenomena on the desorption branch (Villarroel-
Rocha et al. 2014).

The CO, adsorption capacity of the porous carbon nano-
particles was measured at 273 K, as shown in Fig. 2. All
the isotherms are Langmuir type, and typical of adsorbents
having micropores.

Table 1 shows the measured density (p) of each sample
and the textural properties determined from N, adsorp-
tion—desorption isotherms data at 77 K of carbon nanopar-
ticles. The density was calculated from the following
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Fig. 1 The N, adsorption—desorption isotherms at 77 K of all the carbon nanoparticles samples (filled symbol: adsorption; empty symbol: des-

orption)
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Fig.2 CO, adsorption isotherms at 273 K of the carbon nanoparticles
samples

Table 1 Textural properties of the CNPs samples obtained from N,
adsorption/desorption isotherms

Material C,NPs C,NPs C;NPs
p (g/cm?) 0.75 0.50 0.38
SBET(mZ/g) 610 755 620
VT(cm3/g) 0.47 1.33 1.93
Vmew(cm3/g) 0.35 1.17 1.80
V,,(cm’/g) 0.12 0.16 0.13
S, (m?/g) 175 170 170
0.30
C,NPs
Ten 025}
: &
= 020 -
= P ’..—"r
g / .-"../
o <l
4 e
g 015+ o
$
)
o]
o
0.10 L. R I R I R I R I R I R I
0.0 0.1 0.2 0.3 0.4 0.5 0.6
o

Fig.3 a-plot curve (from N, adsorption data) of the C,NPs sample.
Filled symbols represent the selected range of a, values

equation (Zeller et al. 2012): p = ), where V; is the

1
1
(Vrt s

total adsorbed nitrogen according Gurvich’s rule and p, is
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Fig.4 N, experimental and theoretical isotherms and PSD of C;NPs
sample. The symbols are the experimental data; the solid lines are the
fitted isotherms with GM/GFM model. Error bars represent 96.5%
confidence intervals
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Fig.5 CO, experimental and theoretical isotherms and PSD of all the
samples. The symbols are the experimental data; the solid lines are
the fitted isotherms with Trimodal-GM model. Error bars represent
97% confidence intervals

the density of non-porous carbon (1.9 g/cm?®) (Grehov et al.
2017). Figure 3 shows the a-plot curve (from N, adsorption
data) for the C,NPs sample exhibiting the presence of
micropores, and same profiles have been obtained for the
other samples. From the slope of the linear region of the a;
-plot curve, the external surface area (S,,,) of these three
samples have been determined. After the linear region, a
quick increase in the adsorbed volume is observed at higher
a, values (Fig. 3) due to the capillary condensation of N, in
the mesopores (Huang et al. 2014). Furthermore, the total
pore volume increases as decreasing the density of samples
showing that C;NPs is the most porous sample with the
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Tablg 2 Fi“i“g parameters plp® segment Parameter C,NPs C,NPs C;NPs
obtained by using the proposed . .
models for all samples Adsorption branch Desorption branch
N, GM model n 0.102 0.147 0.151
N, (cm? lig/g) 5.024 5.05 6.027
Wi, (NM) 3 2 2
Wy (M) 12 36 65
o (kJ/mol) 0.709 0.582 0.141
K (kJ nm/mol) 11.233 25 15
w” (nm) 6.927 23.927 31.053
fi 1.656 0.968 0.276
GFM model n 9.349 150.217 180
N, (cm? lig/g) 0.069 0.036 0.011
N, 0.544 1.034 0.626
Wi (NM) 11.283 35 50
Wpae (M) 21.977 55 125
o (kJ/mol) 0.34 0.077 0.01
a 1.721 1.106 1.035
K (kJ nm/mol) 17 12.084 5
w? (nm) 15.024 41.975 75
b 0.484 0.284 0.801
GM model ARE (%) 1.638 4.709 7.932
() n, 0.485 1.465 0.498
N,,, (cm? lig/g) 0.695 0.506 1.2
W pin (NM) 0.003 0.003 0.005
W ey (D) 0.658 0.659 0.665
o, (kJ/mol) 5.05E-05 2.92E-05 3.38E-05
K, (kJ nm/mol) 3.70E-05 6.05E—05 5.86E—05
w? (nm) 0.329 0.324 0.298
fi 0.285 0.213 0.172
Cco, GM model ny 2.258 3 3
(@) N,,, (cm? lig/g) 0.29 0.5 0.814
Wopmin (D) 0.3 0.3 0.2
Wopmay (M) 0.987 0.987 0.987
o, (kJ/mol) 0.235 0.235 0.235
K, (kJ.nm/mol) 1.048 1.5 1.4
wd (nm) 0.589 0.589 0.586
b 0.507 0.507 0.503
GM model ny 0.5 0.1 2.123
(@) N, (cm? lig/g) 0.2 0.2 0.352
Wiin (M) 0.8 0.7 0.6
W3ae (M) 1.1 1 1.2
o3 (kJ/mol) 0.8 1 0.1
K5 (kJ nm/mol) 10 15 2.5
wg(nm) 0.9 0.8 0.898
f 0.1 0.1 0.069
ARE (%) 4.564 5.169 5.165
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highest mesopore volume (Table 1). Moreover, this sample
presents a lower specific surface area compared to C,NPs
despite its important total pore volume.

3.2 Estimation of PSD from a simulation of N,
and CO, adsorption isotherms

Pore size distribution of porous materials whose isotherms
present hysteresis loop H1 type must be evaluated with des-
orption branch data due to it reflects transitions near the
equilibrium phase (Villarroel-Rocha et al. 2011, 2014; Bar-
rera et al. 2011). However, those ones that present hysteresis
loop H2 type closing near 0.40-0.45 of relative pressure
must be evaluated with adsorption branch data due to it
presents the cavitation phenomenon. Thus, PSD evaluation
of C,NPS and C;NPS, and C;NPS were evaluated with the
desorption and adsorption branches, respectively.

The PSDs of the three samples have been determined
from N, and CO, isotherms using the GM/GFM and the
Trimodal-GM models, respectively. Figure 4 reports the
experimental N, adsorption isotherm for C;NPs, along with
the fitted isotherm using the GM/GFM model. This model
assumes the monolayer formation in the first region (i.e.,
up to 0.35) and the subsequent finite multilayer phenom-
enon occurring between 0.35 and 0.99 of relative pressure,
as previously described (theoretical section). Good fit to the
C,NPs experimental data (Fig. 4) is observed and the PSD
was obtained from the fitting procedure. Figure 5 shows the
fitted isotherms using Trimodal-GM model of the experi-
mental CO, adsorption isotherms for all samples. Good fit
to the experimental isotherm is also observed (Fig. 5), and
the PSDs were calculated for all samples from the fitting
procedure. Adjustment parameters obtained from the fitted
N, and CO, isotherms of all the samples using GM/GFM
and Trimodal-GM models are shown in Table 2.

According to Table 2, the values of ARE are small for all
studied samples and do not exceed 8% for both GM/GFM and
Trimodal-GM models. It can be noticed that the two frac-
tions, f; and f,, contribute to the Gauss-Monolayer and the
Gauss-Finite Multilayer models, respectively. At low pore
size range, the Gauss-Monolayer model is dominant (the
value of f; is higher than f,) except for C;NPs. In that region,
the average pore sizes, wY, are equal to 6.9 nm, 23.9 nm and
31 nm for C;NPs, C,NPs and C;NPs, respectively (Table 2).
For the second pore sizes range, the Gauss-Finite Multilayer
model is dominant for C;NPs (the value of f, is higher than
f1) and the average pore size values are equal to 15, 42 and
75 nm for C,NPs, C,NPs and C;NPs, respectively. These
results confirms that the studied samples C;NPs and C,NPs
are mainly mesoporous (the values of w” are smaller than
50 nm) and that the C;NPs sample has got larger mesopores
and/or narrow macropores (w° is about 75 nm). Moreover,
for the first region (i.e., up to p/p0 =0.35), the n value lower
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Fig.6 Comparison of the PSDs of all the samples obtained by the
VBS and the NLDFT methods and by the proposed GM/GFM model
from adsorption (C;NPs) and desorption branches (C,NPs and
C;NPs)

than 1 confirms a monolayer where the adsorbed molecule is
multi-anchored with different interactions sites. For the second
region (p/p”>0.35) simulation, the calculated » value higher
than 1 reflects the multimolecular adsorption by the capillary
condensation/evaporation of N,. This occurs in mesopores for
C,NPs and C,NPs, or on narrow macropores for C;NPs. The
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Trimodal-GM model

number of adsorbed layers, N, (characterizing the finite mul-
tilayer model ranging from 0.544 to 1.034) is given in Table 2.
This parameter does not exceed the unity as it characterizes the
number of adsorbed layers locally in each pore size.

According to the Trimodal-GM model, the average pore
size, w?, corresponds to an important fraction of pore volume
in the second peak for all the samples (Table 2). This result
indicates that the main peak of the average pore size is about
0.6 nm which corresponds to the micropore domain for all the
studied samples. Furthermore, at this peak, the » fitted param-
eter higher than 1, cannot indicate a multimolecular adsorption
as the monolayer is not achieved in this CO, pressure range.
These high n values could be attributed to the CO, adsorp-
tion at 273 K (in micropores) via a volume-filling mechanism
(Sevilla et al. 2013).

For all the samples, the PSDs obtained by the proposed
GM/GFM model were compared with the QSDFT method
and the VBS one (Fig. 6). Whatever the sample type, the PSDs
from the GM/GFM model, the VBS and the QSDFT ones are
almost similar. As it is known, DFT methods can be applied
for evaluation the PSD over a wide range of pore sizes (ultra-
micropore to macropores). However, in our case the QSDFT
method cannot detect any peak corresponding to the narrow
macropores (~70 nm) as is shown in Fig. 6 for C;NPs sample,

where their isotherm presents the capillary evaporation step
at p/p”>0.96. So, the absence of this peak is due to the avail-
able kernel from the software (slit pore in the micropores
region and cylindrical pore in the mesopores region) takes
into account relative pressure values up to 0.93.

In the case of PSDs obtained from CO, adsorption, a
good approach was found between the PSDs obtained by
the Trimodal-GM model with those obtained by the NLDFT
microscopic method (Fig. 7).

As a conclusion, the proposed models give suitable
approximations of the PSD in materials having type I and
I'Va isotherms. The two proposed models have the advantage
to describe PSDs in all the pore size domain explored by the
QSDFT, the NLDFT and the VBS methods. Thus, this inves-
tigation leads us to highlight the importance of the Grand
Canonical formalism in statistical mechanics description of
gas adsorption.

4 Conclusion
The Trimodal-Gauss-Monolayer and the Gauss-Mon-

olayer/Gauss-Finite Multilayer models have been devel-
oped by incorporating Gaussian pore size distribution and
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local isotherms derived from statistical mechanics theory.
These theoretical models have been used to evaluate the
PSDs of carbon nanoparticles from N, adsorption/desorp-
tion and CO, adsorption isotherms. The adsorption data
for both CO, at 273 K and N, at 77 K of carbon nanopar-
ticles have been simultaneously well fitted by using the
developed models that are in agreement with other meth-
ods (DFT and VBS) available for pore size distribution.
The following key results are achieved:

I. N, adsorption/desorption and CO, adsorption experi-
mental data were used to evaluate the PSD of three
carbon nanoparticles samples, C,NPs, C,NPs, and
C;NPs in all the pore sizes range through the Tri-
modal-GM and GM/GFM models.

II. The PSD evaluated by the GM/GFM model (with N,
adsorption/desorption data at 77 K) and trimodal-GM
model (with CO, adsorption data at 273 K) are com-
parable to those obtained by DFT and VBS methods.

III. DFT methods take into account the effect of pore
geometry on pore filling mechanism and the underly-
ing of pore condensation, and the proposed models
only assume monolayer formation followed by mul-
tilayer formation. Nevertheless, the reported results
in this work are similar to those obtained using DFT
methods, highlighting the use of the Grand Canonical
formalism in statistical mechanics for the PSD evalu-
ation.
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