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ARTICLE INFO ABSTRACT

Keywords: The adsorption technique for pollutant separation has increased the number of applications, and one of the most
Polyacrylonitrile interesting aspects is focused on the fabrication of new tailored materials. This research is focused on producing
Carb““. carbons as adsorbent materials from polyacrylonitrile (PAN), aiming to promote the presence of such hetero-
[C\:rsggitgzxide atoms as nitrogen and sulfur, already embedded in the precursor and added during fabrication, respectively. The
Dye use of various fabrication conditions (temperature, amount of activating agent, KOH and/or sulfur, S) has
Separation allowed the production of carbons with different pores distributions (microporous and mesoporous materials)

and containing heteroatoms. In general, it was observed that both an increase in temperature and a higher
amount of KOH or S tend to increase the size of the pores generated in the carbons. These materials have been
used for CO, separation and for the removal of industrial red dye, demonstrating the significant role of the
carbon’s porous structure in the adsorption process. On the one hand, for CO;, separation, the microporous
materials showed outstanding behavior, achieving suitable loading and selectivity values. The red dye adsorption
studies proved the existence of a size exclusion effect that hinders pollutant removal, as highly microporous
carbons hardly could remove the contaminants. In contrast, this separation was enhanced by slightly increasing
the average pore size (values above 2 nm).

1. Introduction

The use of adsorption-based technologies to improve separation
operations has gained significant relevance in recent decades, both for
their application in the separation of molecules of interest in aqueous
solutions or in gas streams. In addition to the positive results achieved
through the improvements in this technology, both in terms of adsorbent
materials and operational modes, the cost associated with such opera-
tions has been considered a key area of interest. For example, 50 %
reduction in the cost of separating certain contaminants from water can
be achieved [1,2].

The use of processes involving physical adsorption has become an
increasingly attractive option, especially for enabling the regeneration
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of the adsorbent simply and cost-effectively. Many adsorbents have been
developed within this adsorption type, such as carbons, zeolites, and
molecular organic frameworks [3-5]. In some cases, these materials
show low adsorption capacities, particularly in large-scale processing,
making it necessary to continue developing systems that enhance spe-
cific characteristics tailored to certain applications.

Among the various materials used as adsorbents, porous carbons
have been considered suitable candidates for adsorption/separation
operations involving different types of adsorbates. This is proved by
several positive aspects that enhance the adsorption capacity of both
gases and substances in aqueous solution [6,7]. These positive charac-
teristics focus not only on the high adsorption capacity but also on the
low fabrication cost, easy regeneration, high thermal stability, large
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surface area, tunable porosity, and the presence of functional groups of
interest [8].

The fabrication/synthesis of these materials generally involves an
activation stage, which generates an extended porosity in the material
and defines the porous structure characteristics. Chemical activation
allows for using different reagents, with KOH being commonly
employed because it tends to provide suitable material characteristics
depending on the specific objective. This is because KOH typically
generates large surface areas, and the activating agent-to-carbon ratio
applied can define or modify the pore size distribution of materials [9].

Focusing on the raw material used in the present study, poly-
acrylonitrile (PAN) is considered a widely available, relatively inex-
pensive carbon precursor with good characteristics regarding chemical
and thermal stability [10,11].

In addition, this precursor has been considered suitable for produc-
ing N-enriched carbons, which have been highlighted by various re-
searchers for enhancing the adsorption process of various adsorbates
[12,13]. Likewise, other heteroatoms have been considered doping
agents, such as sulfur. However, some difficulties have been detected in
incorporating sulfur into the material [14]. Sulfur-doped carbons have
significantly improved the adsorption of various molecules [15,16].

Nevertheless, the presence of heteroatoms and the characteristics of
the porous structure may not have a cumulative effect on the adsorption
of certain substances, but rather they might generate negative influences
[17,18], highlighting the difficulty of developing suitable adsorbents. As
an example, a larger N-content is not always associated with the best
adsorption process efficiency. In particular, an increased N-content
(especially from C-N = C and C3NH functional groups) favors adsor-
bent-adsorbate interactions that induces additional enthalpic contri-
butions [17]. Additionally, it has been proposed that the increase in
N-content is correlated to decreases in the Nj-accessible micro- and
mesoporosity.

The present work proposes the fabrication of carbons derived from
PAN under different operating conditions involving temperature, sul-
furation, and activation processes. PAN is considered an excellent pre-
cursor with high carbon yields, suitable not only for the inherent
introduction of different N-containing functional groups but also O- and
S-containing groups though a strict control of temperature, and
controlled conditions of oxidation and sulfuration, respectively [10,11,
17]. The effect of these parameters on the adsorption process of pol-
lutants (carbon dioxide in gas phase and a commercial red dye for wood
in aqueous solution) is evaluated in terms of chemical and structural
carbon properties, such as functional groups, surface area, and pore sizes
and adsorption performance.

Table 1
Experimental conditions of carbon fabrication and their elemental compositions.

Surfaces and Interfaces 73 (2025) 107571
2. Experimental
2.1. Chemicals

Carbons were fabricated using polyacrylonitrile, PAN (150,000 g/
mol; Sigma-Aldrich, Darmstadt, Germany), sulfur (>99 %, rhombic
sulfur; Merck, Darmstadt, Germany) and KOH (Fisher Scientific,
Hampton, USA). HCl (37 %) and NaOH (98 %), used for point of zero
charge determination and to remove the excess of KOH, were purchased
from Merck. Nitrogen and carbon dioxide (99.999 %) were supplied by
Nippon Gases Iberia (Madrid, Spain). Red for wood GRA-200 %
(C17H11F3N3Na04S+) is an industrial acidic and anionic wood dye
provided by ASERPAL S.A. company (Grupo Losan S.A., Galicia, Spain).

2.2. Carbons fabrication

In this study, carbon materials (Table 1) were fabricated through a
thermal treatment in a tubular furnace (Carbolite), using PAN as the
polymeric precursor. The preparation of activated carbons consists of
carbonization, activation, and washing with an HCl solution. The
carbonization process was carried out in two stages, namely: oxidative
stabilization and subsequent pyrolysis. For oxidative stabilization, PAN
powder was treated with O, (10 mL min) at 553 K (2 K min™!) for 1
hour, facilitating the cyclization and cross-linking of PAN. Afterward,
the material was held at 553 K for 30 min under an inert atmosphere of
nitrogen, and then pyrolyzed at the selected temperatures between 873
and 1123 K (5 K rnin'l) for 30 min. Activation was performed by
grinding the carbonized material and mixing it with various carbon-to-
KOH mass ratios (Table 1). The mixture was then heated under N5 (10
mL min’! gas flow) to temperatures between 873 and 1123 K, at which it
was maintained for 2 h. The excess KOH was removed by washing the
material with 100 mL of 0.1 M HCI solution, followed by distilled water
until a neutral pH was achieved. The material was then filtered under
vacuum and dried at 373 K for 24 h. Sulfur-doped carbons were obtained
by mixing PAN with sulfur in varying mass ratios (Table 1), heating the
mixture under Ny (10 mL min'l) to 553 K, and stabilizing it at this
temperature for 1 hour. The resulting material was then heated under Ny
to a temperature in the previously indicated range (between 873 and
1123 K) and held at that temperature for 30 min, followed by cooling to
room temperature. Finally, all carbon materials were ground in a mortar
before characterization and adsorption experiments. For each experi-
ment, the same temperature was chosen for pyrolysis, sulfur doping, and
activation.

2.3. Materials characterization

The point of zero charge (pHpzc) of all fabricated carbons was
determined using the method reported elsewhere [19]. Briefly,

Material Temperature (K) PAN:S ratio C:KOH ratio Composition (wt. %)b
(PAN-T-S-KOH)"

C N o S
PAN-873-2-0 873 1:2 1:0 65.8 1.7 17.1 15.4
PAN-1123-2-0 1123 1:2 1:0 77.3 2.8 16.4 3.5
PAN-998-4-0 998 1:4 1:0 70.9 7.1 15.7 6.2
PAN-873-0-2 873 1:0 1:2 72.8 15.4 11.8 0
PAN-1123-0-2 1123 1:0 1:2 92.6 5.9 1.5 0
PAN-873-4-2 873 1:4 1:2 75.3 13.1 10.3 1.3
PAN-1123-4-2 1123 1:4 1:2 - - - -
PAN-873-2-4 873 1:2 1:4 66.3 23.6 6.2 3.9
PAN-1123-2-4 1123 1:2 1:4 85.3 10.2 2.8 1.6
PAN-998-0-4 998 1:0 1:4 91.1 8.3 0.6 0
PAN-998-4-4 998 1:4 1:4 - - -
PAN-998-2-2 998 1:2 1:2 - -

2 : T is the treatment temperature, S is the S to PAN ratio, and KOH is the KOH-to-carbon ratio; bdetermined by XPS.
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Erlenmeyer flasks were filled with 20 mL of 0.01 M NaCl solution, and
the pH value was adjusted between 2 and 11 by adding 0.01 M NaOH or
HCI solutions. Once the pH stabilized, 20 mg of each adsorbent carbon
material was added to each flask. The samples were then shaken for 48 h
to allow equilibrium to be reached using orbital air bath shaker (VWR
Cienytech). The pHpy value was determined as the point where the final
PH equals the initial pH.

X-ray photoelectron spectrometry (XPS) measurements were per-
formed with a PHI 5000 Versa Probe instrument (Physical Electronics,
Chanhassen, MN, USA) equipped with an Al Ka radiation (1486.6 eV) X-
ray source, using Cu and Ag as calibration standards. Survey and high
resolution (HR) spectra were acquired using pass energy and step energy
values of 187.85 eV and 1.0 eV, and 23.50 eV and 0.2 eV, respectively.
All the measurements were conducted with a focus size, power and
voltage of the X-ray beam for 100 pm, 24.7 W and 15 kV, with a 45° take
off angle.

The morphological and structural features were assessed by field
emission scanning electron microscopy (SEM) using a FESEM Ultra Plus
(Zeiss, Jena, Germany), working at 3 kV. For a better resolution, samples
were sputter coated with a 5 nm Ir layer. The images were obtained
using the inlens detector, on three different areas per sample and at least
three different magnifications.

The specific surface area of each PAN-based carbon was determined
using the Brunauer-Emmett-Teller (BET) equation, applied to Nz
adsorption-desorption isotherms at 77 K and CO; adsorption at 273 K. A
Micromeritics ASAP 2020 sorption analyzer was employed to carry out
this type of characterization. Carbon samples were degassed at 573 K for
2 h. Total pore volume was determined based on the amount of Ny
adsorbed at a relative pressure near saturation (P/Pg ~ 0.99), ensuring a
representative measurement of the entire pore network. To provide a
more detailed characterization of the porosity, the pore size distribution
and total pore volume were further refined using the two-dimensional
non-local density functional theory (2D-NLDFT) model, which simulta-
neously analyzed both CO5 and Ny adsorption data.

2.4. Gas adsorption

CO2 and N adsorption isotherms were obtained with the Micro-
meritics ASAP 2020 volumetric system at different temperatures (273,
298, and 323 K) and at pressures between 0 and 101.3 kPa. The samples
were degassed at 573 K for 2 h under vacuum to remove moisture and
impurities. An ice bath in a Dewar flask was used for experiments at 173
K, while a temperature-controlled vessel equipped with a Selecta Sen-
soterm sensor was employed for managing the other temperatures. The
adsorption experimental data obtained for CO, and Ny have been
employed to estimate the corresponding selectivity value employing
Ideal Adsorption Solution Theory (IAST). Adsorption experiments were
carried out in triplicate. The Python module pyIAST [20] has been used
for IAST loading and selectivity estimation for binary mixtures of these
gases.

2.5. Dye adsorption

The dye employed in the present work is Red GRA 200 % (433.34 g
mol ™), an industrial acidic and anionic substance provided by ASERPAL
S.A. company (Grupo Loséan S.A., Galicia, Spain) focused on the prepa-
ration of wood veneers boards. Adsorption experiments were performed
in triplicate in batch mode using orbital air bath shaker (VWR Cieny-
tech) at 25 °C. The experiments were carried out at natural pH (8.02),
with an initial concentration of dye of aprox. 500 mg .} and carbon
dosage of 0.5 g 1}, using the different activated carbons fabricated in
present work. Dye concentration was determined after 48 h measuring
the absorbance of the liquid phase at 506 nm by using a UV-Vis spec-
trophotometer (V630 Jasco). Egs. (1) and 2 were used to calculate the
adsorption capacity and efficiency of the different adsorbents. .
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q(mgg')= (Co—C)-V/m )
AE (%) = (Co—C)-100/Co 2

where Cyp and C are the initial and the residual dye concentration,
respectively (mg 11), q is the capacity of adsorption (mg g), V is the
volume of the dye dissolution (L), and m is the dry mass of adsorbent
used (g).

3. Results and discussion
3.1. Adsorbents characterization

3.1.1. Point of zero charge

The pHpyc corresponds to the pH level, at which the charge corre-
sponding to the adsorbent surface is null. This means that the electro-
static interactions between positive and negative charges are the same.
The adsorbent surface reaches a positive character (with the existence of
H") when the pH is below pHpyc. Fig. 1 shows the determination of this
parameter for three PAN-derived carbons fabricated under different
experimental conditions, corresponding to the point of intersection with
the diagonal shown in the graph. It can be observed that the point of zero
charge changes notably depending on the fabrication/activation con-
ditions. This procedure has been applied to all the materials manufac-
tured in this study, and the results are presented in Table 2.

Although it is difficult to draw conclusions about the influence of the
variables studied in the carbon manufacturing process, it can be
concluded that an increase in temperature tends to raise the pHpyc
value. Regarding the role of sulfur or KOH presence, it is challenging to
draw straightforward conclusions. It has been previously concluded [21]
that the character of the carbon surface may influence the adsorption
phenomenon because CO» tends to behave as a Lewis acid and the red
dye is anionic type [22].

3.1.2. Surface morphology and functionalities

The effective incorporation of different functional groups in the
carbons, consisting of N-containing groups from acrylonitrile units, O-
containing groups by the oxidative stabilization step, and S-containing
groups directly from sulfur addition [23] was followed by XPS (some
selected spectra are shown in Fig. 2; C—N-O-S carbon compositions are
summarized in Table 1). High-resolution XPS signals of N 1 s and S 2p
also revealed the presence of specific groups, such as C-S(0),—C

14 T T T T T T T T T T T T
—e— PAN-873-2-0
12} —e—PAN-998-2-2 i
—o— PAN-873-0-2
10 | ° .
~
o/.\ { Ny .//./
~ 8l 0o ¥ o i
[\ (]
£ z
= o0 ¢
6 I i
L ./ e
/ ./o/'/./
41 ~ -
2+ .
0 " 1 " 1 " 1 " 1 " 1 " 1 "
0 2 4 6 8 10 12 14
pH (initial)

Fig. 1. Point of zero charge (pHpzc) determination for different PAN-
based carbons.
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Table 2

Point of zero charge values for PAN-based

carbons.
Material PHpzc
(PAN-T-S-KOH)
PAN-873-2-0 3.8
PAN-1123-2-0 5.6
PAN-998-4-0 7.4
PAN-873-0-2 8.3
PAN-1123-0-2 7.2
PAN-873-4-2 2.5
PAN-1123-4-2 7.4
PAN-873-2-4 3.5
PAN-1123-2-4 4.4
PAN-998-0-4 7.6
PAN-998-4-4 7.4
PAN-998-2-2 6.5

sulphone and C-S-C sulfide bridges (peak centered at around 168 and
164 eV, respectively) [24], and pyridinic and pyrrolic groups (decon-
voluted peak centered at around 398.4 and 400.6 eV, respectively) [25].
Concerning C groups, C—C and C = C bonds having peaks at around
284.5 and 286 eV are observed, being the first always the most intense in
all the carbons, together with smaller peaks due to ether-like (C—O, 288
eV) and carbonyl (C = O, 290 eV). Functional group compositions
calculated from the relative area of high-resolution element signals
could be in part related to the final pyrolysis temperature, without
showing significant changes with the applied S to PAN ratio and
KOH-to-carbon ratio. In particular, pyridinic to pyrrolic groups ratio
changes from values in the range 25/75-30/70 for the carbons fabri-
cated at 873 K (for a direct visualization, see, e.g., Fig. 2) to a ratio in the
range 55/45-50/50 for all the other carbons fabricated at 998 K or 1123
K, independently from the other components added to the precursor.
The increase of pyridinic nitrogens is related to the more extended
condensation of the carbon precursor at higher temperatures [23]. On
the other hand, whenever sulfur is present, sulphone groups were

Q
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predominant, with values of the sulphide to sulphone groups ratio
showed values for all the carbons.

At the same time, the concentration of each family of functional
groups, i.e., the incorporation of N, O, and S in the carbons, strongly
depends on the fabrication conditions. As a general trend, the amount of
S-containing groups appears to depend on the sulfur-to-PAN ratio and
the treatment temperature, with the highest value of 15.4 wt. % for 873
K (PAN-873-2-0). Conversely, activation reduces sulfur content, with
the lowest residual values for the highest KOH-to-carbon ratio and
activation temperature. Nitrogen content, in the range of 0.6-17.1 wt. %,
is affected by the treatment temperatures, with the lowest residual N-
containing groups in non S-doped activated carbons activated up to
1123 K (PAN-1123-0-2). As expected, the content of O-containing
groups decreases with activation and is inversely proportional to the
treatment temperature, with the highest amount of 17.1 wt. % O for
PAN-873-2-0.

From SEM analysis, it is possible to recognize some common struc-
tural morphology features that strictly depend on the activation, espe-
cially the sulfuration processes (Fig. 3). Carbonization without sulfur
doping produces carbons with a compact and smooth surface, appar-
ently without mesoporosity (Fig. 3d,e and 1). Conversely, sulfur acts as a
mild oxidant, stabilizing morphology and leading to vesiculated parti-
cles, approximately in the 50-200 nm range. In addition, higher acti-
vation temperatures favored the formation of bigger globular
aggregates, with almost no effect of the PAN-to-sulfur and carbon-to-
KOH ratio on their vesicular structures.

3.1.3. Adsorption isotherms, porosity and surface area

The characteristics related to the porous structure and the surface
area generated in the different carbons are shown in Fig. 4(a)-(d), which
plots the nitrogen adsorption and desorption isotherms at 77 K. At first
glance, isotherms with different shapes are observed, which can be
related to the pore structure and specifically to the pore size distribution
of the fabricated materials.

First, Fig. 4a shows the behavior observed for non-activated carbons,

. XPS survey - ﬁ — Ci1s — N1s  pyrrolicN
= ” 3 c-C > Pyridinic N
8 o 8 &
2
5 5 oo 5
) -~ )
£ £ £
b Binding energy (eV) Binding energy (eV) Binding energy (eV)
v
—  XPS survey S o —~ Ni1s -~ S2p <O
2 O q 2 PyrrolicN 2 ¢-s0,-C
z ° | 2 ' z Pyridinic N Z C-S-C
e = = e c
g lg& g g
£ X7 £ £
Binding energy (eV) Binding energy (eV) Binding energy (eV)
—~  XPSsurvey 4| 4 —~ N1s —~ S2p C-50,-C
3 o © 3 Pyrrolic N S
s P 3 s
gl ° z | z oy 2
%) f (%] yridinic 2]
2 ol o & e s cs-C
+ ] =
S w? £ <

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Fig. 2. Survey and high-resolution XPS spectra of PAN-873-0-2 (a), PAN-873-4-2 (b), and PAN-873-2-4 (c).
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Fig. 3. Typical SEM images of carbons: a) PAN-873-2-0; b) PAN-1123-2-0; ¢) PAN-998-4-0; d) PAN-873-0-2; e) PAN-1123-0-2; f) PAN-873-4-2; g) PAN-
1123-4-2; h) PAN-873-2-4; i) PAN-1123-2-4; 1) PAN-998-0-4; m) PAN-998-4-4; n) PAN-998-2-2. Scale bar 200 nm in all the images.

carbonized at different temperatures in the presence of sulfur. It can be
observed that the adsorbed amount is relatively low, and the shape of
the isotherm is similar to type II, which is associated with non-porous or
macroporous solids. For these carbons (PAN-873-2-0, PAN-1123-2-0,
and PAN-998-4-0), the presence of a knee is observed, corresponding to
the formation of the monolayer and the subsequent adsorption of mul-
tilayers. The thickness of the adsorbed multilayer generally appears to
increase without limit when P/Py = 1. Moreover, it is observed that
increasing the temperature used for carbon preparation, the amount of
adsorbed N increases significantly, indicating the generation of a larger
surface area.

Fig. 4 (b-c) shows the Ny adsorption isotherms for KOH-activated
carbons, the amount adsorbed is significantly higher, especially at
high relative pressures for S-doped carbons using a temperature of 1123
K (PAN-1123-2-4 and PAN-1123-4-2). This is consistent with the fact
that carbon activation typically leads to an increase in the available
porous structure [26] and, consequently, an increase in the specific
surface area.

Among the carbons fabricated in the absence of sulfur (PAN-
873-0-2, PAN-1123-0-2, and PAN-998-0-4 in plots (b) and (d)), it is
worth noticing that PAN-873-0-2 and PAN-1123-0-2 show type I iso-
therms, and specifically of type Ib, while the PAN-998-0-4 material
exhibits a quite different isotherm that agrees with type Iva [27].
Isotherm I is related in this type of materials to mainly microporous
solids since it tends to form an adsorbed monolayer due to the difficulty

of generating multilayers in pores with a small diameter. In the case of
these materials, especially in PAN-1123-0-2, the relative pressure range
in which the knee is formed is much wider, and it must be classified as
type Ib isotherms. This more specific type of isotherm is related to
microporous solids, but with pores included in the supramicroporous
(diameters beyond 0.7 nm) type. Moreover, it is clearly observed that
the range of relative pressures during the knee is much greater for
PAN-1123-0-2 than for PAN-873-0-2, so an increase in temperature
(keeping the amount of activating agent constant) tends to generate
larger diameter pores. The isotherm of the PAN-998-0-4 material shows
important differences from those previously analyzed since a continuous
increase in the amount of adsorbed nitrogen is observed, and the plateau
is reached at quite high relative pressures. The formation of a small
hysteresis loop also appears. This type of adsorption isotherm (IVa) is
usually observed for mesoporous materials. This type of solids were
prepared by using a greater amount of activating agent, which is in
agreement with conclusions reached in previous studies [28].

In the analysis of the role played by the presence of sulfur in the
porous structure of the carbons, the comparison of the isotherms cor-
responding to the solids PAN-873-0-2 and PAN-873-4-2 (Fig. 4b)
shows practically no differences in the shape and magnitude of the
isotherms. Therefore, microporous materials are generated regardless of
the presence of sulfur. On the other hand, when the material is fabri-
cated in the same way but at higher temperature (PAN-1123-4-2), the
shape of the isotherm (type IVa) changes compared to the PAN-
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Fig. 4. Adsorption/desorption N; isotherms at 77 K.

1123-0-2. Therefore, an increase in temperature in the presence of
sulfur significantly affects the pore size, increasing it to values charac-
teristics of mesopores. A previous study [21] using a temperature of
1073 K and carbon-to-KOH and carbon-to-sulfur ratios of 1:4 and 1:1
(w/w), respectively, also showed a type IVa isotherm. When the effect of
temperature (PAN-873-0-2 and PAN-1123-0-2) was evaluated in the
absence of sulfur, a very significant increase in the adsorbed amount of
nitrogen was observed (which will cause an increase in the surface area).
Addionally, the shape of the adsorption isotherm did not changed, and
therefore neither did the type of isotherm.

An interesting comparison involves the isotherms corresponding to
PAN 873-2-4 and PAN-873-4-2 in which the amounts of KOH and
sulfur were inverted, which showed the same type of microporous ma-
terial with a similar magnitude in the amount adsorbed. Therefore, the
amount of KOH does not seem to play an important role (in the presence
of sulfur), however it seems that temperature does. This fact is
confirmed by analyzing the isotherm belonging to PAN 1123-2-4 with
the same conditions as PAN-873-2-4 but using a higher activation
temperature. In this case, as already observed in PAN-1123-4-2, the
generation of a mesoporous structure is visible, but the carbon reaches
slightly higher adsorption values than PAN-1123-4-2, probably caused
by the greater amount of KOH.

Based on the behaviors shown in Fig. 4, comparing the isotherms of
the PAN-873-4-2 and PAN-1123-2-4 materials, and on the other hand,
the PAN-873-2-4 and PAN-1123-2-4, it can be concluded that tem-
perature plays a very important role on the size of the pores that are
generated in the carbons. An increase in temperature tends to increase
the presence of mesoporosity [29]. In the case of the activated carbons

with a lower KOH ratio (PAN-1123-0-2 and PAN-873-0-2), an increase
in temperature did not led to a change in isotherm type (caused by an
increase in mesoporosity). However, they show a wider knee for high
temperature, which would be related to an increase in the pore size
within the microporosity [30].

Fig. 4d shows the nitrogen adsorption and desorption isotherms at 77
K for materials activated at an intermediate temperature and varying the
amounts of activating agent (KOH) and sulfur (S). In all cases, the
generation of activated carbons with mesoporous characteristics was
observed. The comparison of the isotherms of PAN-1123-0-2 and PAN-
998-0-4 materials shows that a mesoporous solid can be obtained at
slightly lower temperatures if the amount of KOH increases. This
behavior agrees with that observed in a previous study for PAN carbons
prepared with the same experimental conditions of KOH and sulfur
amounts at 1073 K [21].

Finally, PAN-998-4-4 and PAN-998-2-2 allowed to analyse the in-
fluence of the amount of KOH and S maintaining the ratio between them.
It is observed that in both cases, the solids are mesoporous, but the
amount of adsorbed nitrogen is significantly greater when using the
smallest amounts of these chemicals. This behavior could be related to
the fact that a higher amount of KOH and S can led to large pore
diameter that cause a global decrease in the surface area. The nitrogen
adsorption/desorption isotherms have been also used to obtain more
information about the porous structure of these PAN-based carbons,
specifically for the determination of the surface area using the BET
equation, as well as the void volume corresponding to the micropores
and mesopores. This information is included in Table 3.

As previously indicated, the surface area produced in the different
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Table 3

Textural characteristics of the PAN-based fabricated materials.
Material SBET Sper” Viotal Vineso Vmicro Microporosity
(PAN-T-S-KOH) (m? g™ (m? g™ (em® g™ (em® g™ (em® g™ (%)
PAN-873-2-0 20.7 444.6 0.130 0.130 0.000 0
PAN-1123-2-0 316.8 227.5 0.279 0.223 0.056 20.1
PAN-998-4-0 191.7 181.2 0.219 0.201 0.018 8.2
PAN-873-0-2 865.1 319.8 0.368 0.032 0.336 91.3
PAN-1123-0-2 2462.4 581.3 1.240 0.328 0.912 73.5
PAN-873-4-2 692.0 297.3 0.331 0.058 0.273 82.5
PAN-1123-4-2 2723.0 496.5 2.676 2.623 0.053 2.0
PAN-873-2-4 1115.5 352.6 0.519 0.098 0.421 81.1
PAN-1123-2-4 3194.5 593.0 2.828 2.671 0.157 5.6
PAN-998-0-4 3322.0 531.9 2.184 1.651 0.533 24.4
PAN-998-4-4 1701.7 2429 1.573 1.565 0.008 0.5
PAN-998-2-2 2837.8 428.1 2.134 1.968 0.166 7.8

2 Determined at 77 K with N,.
> Determined at 273 K with CO,
“Determined at P/Py = 0.99.

materials is related to the amount of adsorbed nitrogen. However, it is
limited to the relative pressure range used for BET adjustment. As pre-
viously mentioned, using an activating agent (KOH in the present study)
the surface area determined using the Ny adsorption isotherms signifi-
cantly increased. For example, an increase of more than 1000 m?/g
occurred when KOH was added to PAN-873-2-0 to produce PAN-
873-2-4. The same trend is observed when PAN-1123-2-0 and PAN-
1123-2-4 (an increase of 2878 m?/g) or PAN-998-4-0 and PAN-
998-4-4 (an increase of 1510 m?/g) are compared.
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In general, the use of a higher temperature in the activation step
accounts for generating a greater surface area when the other variables
are kept constant. The same behavior is usually observed when the
amount of activating agent is increased in preparing activated carbon:
this finding is in agreement with previous studies [31,32]. However,
analyzing the role of sulfur on this parameter, it is observed that the
presence of this compound leads to a decrease in the carbon surface area,
whichis of great interest for many applications of this type of material.
For example, this fact is evident in the comparison of the following pairs
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Fig. 5. CO; adsorption isotherms for PAN-based carbons at 273 K.
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of materials PAN-873-0-2/PAN-873-4-2 (20 % lower) and PAN-873-
-2-4/PAN998-4-4 (51 % lower), regardless of the use of higher tem-
peratures (PAN-1123-0-2/PAN1123-4-2), a slight increase is observed
(10 % higher). In a previous work [21], it was also noticed that the
presence of sulfur in activated carbons at 1073 K and with a
carbon-to-KOH ratio of 1:4 (w/w) caused a decrease in the surface area
(by 22 %), in agreement with the conclusions reached in present work.
This behavior can be influenced by the role of sulfur, which can generate
larger pores [33], as observed in Table 3.

Table 3 also shows the data corresponding to the volume generated
by each pore type and, more specifically, the microporosity percentage
(calculated on the basis of the pore volume). As can be seen, the con-
clusions drawn from the shape of the isotherms, which have been dis-
cussed, are consistent with the results obtained for the degree of
microporosity determined from the volume value generated by each
type of pore. Specifically, PAN-1123-4-2, PAN-998-0-4, PAN-998-0-4,
PAN-998-4-4, and PAN-998-2-2 show high mesoporosity, especially
notable for PAN-1123-2-4. On the contrary, PAN-873-0-2, PAN-
1123-0-2, PAN-873-4-2, and PAN-873-2-4 have a highly microporous
character.

These experimental results indicate that, depending on the operating
conditions and the amount of activating agent and/or sulfur present in
manufacturing, carbons with different porous structures can be fabri-
cated, allowing this type of material to be used for different purposes.
Then, CO, adsorption isotherms at 273 K have been determined to
obtain more information about the porous structure of these materials.

Fig. 5 shows the different isotherms obtained for CO, adsorption at
273 K for the different materials. From an overall point of view, an in-
crease in the adsorbed amount of this gas as the pressure increases is
observed, although important differences appear among carbons, as in
the case of those previously analyzed in Fig. 4. Similarly to the Ny
adsorption isotherms, the activation of PAN-based carbons tends to in-
crease significantly the amount of COsadsorbed in some cases.

In relation to the shape of the CO5 isotherms, those corresponding to
the non-activated (PAN-1123-2-0, PAN-998-4-0, and PAN-873-2-0)
and some activated materials (PAN-873-0-2, PAN-873-4-2 and PAN-
873-2-4) show similar behavior, with an important enhancement of the
amount of gas adsorbed at low pressures and a smoother trend when a
relative pressure of 0.01 is exceeded. A different behavior was observed
for the isotherms of the other materials without this change in the slope
with increasing pressure, especially for activated carbons, at tempera-
tures beyond 873 K are responsible for this change in the behavior of
CO3 adsorption isotherms, highlighting a more constant slope.

Concerning the information previously obtained and shown in
Table 3, the behavior obtained for PAN-873-0-2, PAN-873-4-2, and
PAN-873-2-4 is likely to be ascribed to its highly microporous character
whose values of the determined degree of microporosity are higher than
80 %. PAN-1123-0-2 shows an intermediate behavior that corresponds
to a slightly microporous material (73.5 %). Thus, this behavior agrees
with previous conclusions about the porous characteristics of the ma-
terials since previous studies [34,35] have demonstrated that small
diameter pores (microporous carbons and especially in their ultra-
micropores) favors CO, adsorption. Therefore, CO; has a high affinity
for this type of pores at low pressures, which justifies the increased
amount adsorbed in these materials at low pressures. Once the smaller
pores are saturated, its lower affinity for wider pores does the adsorption
decreases, and therefore the isotherm’s slope with pressure is smaller.
For this reason, the other activated carbons do not show the knee
observed for microporous materials, and a more linear behavior is ob-
tained. PAN-1123-0-2 does not show a very evident knee either.
However, its behavior is closer to microporous materials at low pres-
sures and mesoporous materials at high pressures.

CO4 adsorption isotherms have also been used to determine the
surface area (see Table 3) corresponding to pores within the ultra-
microporosity (D, < 0.7 nm) [36]. These data are inconsistent with the
previous  conclusions reached for non-activated carbons
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(PAN-1123-2-0, PAN-998-4-0, PAN-873-2-0) because the micropo-
rosity percentages are low for this type of carbons. However, considering
the determined data for CO, adsorbed and the volume corresponding to
small-sized pores, Table 3 shows that the surface area due to ultra-
micropores for non-activated carbons is quite large, especially when
compared to the value of this parameter determined with N5. This way,
it can be concluded that the non-activated carbons have a highly
ultramicroporous structure. The Ny adsorption isotherms for these ma-
terials are not considered highly relevant, as the diffusion of such mol-
ecules in small-sized pores is very limited.

For activated carbons, it can be observed that when the surface area
determined with Njincreases, the surface area determined with CO,
(corresponding to small pores) also increases. This behavior may be due
to the fact that increasing the temperature or the amount of KOH in-
creases the availability of the porous structure, in terms of both meso-
pores and micropores. In any case, the increase observed in the surface
area determined by N, adsorption is always higher than that obtained
using CO, (Fig. 6, for instance comparing PAN-998-4-0 with PAN-
998-4-4 or PAN-1123-2-0 with PAN-1123-2-4). For this reason, a
decrease in the degree of microporosity is always observed in these
cases.

3.2. Application of PAN-based carbons in gas separation process

Based on the PAN-based carbons characteristics previously observed
under different experimental conditions, the presence of high surface
areas, it allows to consider them for their application in separation
processes by adsorption. One of the possible uses could be gas separa-
tion, in which the presence of micropores usually plays an important
role, especially in CO, separation processes [37]. As previously
explained, observing the adsorption isotherms shown in Fig. 5, the
carbon that adsorbs amounts of CO, varies depending on the pressure
used.

Fig. 7 shows the relationship between the amount of CO, adsorbed at
15 kPa and the materials’ microporosity degree. The use of a pressure of
15 kPa is justified by the concentration of CO2 in post-combustion
streams, in which this gas reaches low concentrations, and therefore,
it becomes more complicated the gas adsorption and separation. The
experimental data obtained at this pressure allow us to observe the
importance of microporosity on adsorption capacity. As the degree of
microporosity increases, COy adsorption also increases. This behavior
agrees with the conclusions already reported in the literature [38,39]
using activated carbons from different biomass precursors. It was
confirmed that the adsorption of this gas in small pores enhances the
adsorption [40] and also the selectivity with respect to other gases [41].

PAN-998-4-0
PAN-1123-2-0
PAN-873-2-0
PAN-998-2-2
PAN-998-4-4
PAN-998-0-4
PAN-1123-2-4
PAN-873-2-4
PAN-1123-4-2
PAN-873-4-2
PAN-1123-0-2

PAN-873-0-2

T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000

Surface area (m*g”)

Fig. 6. Surface area determined by using adsorption isotherm data of Nj
and CO,.
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Fig. 7 also shows that the average pore size decreases as microporosity
increases. This behavior should be expected, although the pore size
distribution can highly influence the average diameter value.

When analyzing the role of the presence of heteroatoms or functional
groups in the materials, based on the information provided in Table 1,
no clear correlation with CO5 adsorption values is observed, contrary to
what has been observed when analyzing the characteristics of the porous
structure of PAN-based carbons (Fig. 7). Therefore, it can be concluded
that the role of the porous structure characteristics has a higher weight
for evaluating their potential for CO» adsorption and separation
compared to the influence of the presence of heteroatoms or surface
chemistry in these adsorbents.

The experimental CO, adsorption data at 0 °C shown in the graphs in
Fig. 2 have been fitted using two-parameters widely used models,
namely: the Langmuir (eq. (3)), Freundlich (eq. (4)), Temkin (eq. (5))
and Halsey (eq. (6)) isotherms.

N X Ky x P

n= 1K <P 3)
n= K x P @
n= By x In(Ks-P) (5)
n = exp <W> (6)

where n (mmol/g) is the loading of adsorbate, P (kPa) is the pressure and
N1, (mmol-g"l), K. (l-kPa'l), Kg (mmol-g"l-kPa'l/ "%y ng, By, Kr (kPa'l),
Ky and ny are isotherms’ parameters.

Fig. 8 shows as an example the data fitting to the different models
(egs. (3)-6) for two adsorbents made from PAN. For these adsorbents, it
can be observed that Freundlich and Halsey models tend to fit better the
experimental data. A similar behavior for Freundlich and Halsey models
is observed due to the same linearized equation.

Analyzing the behavior of all the carbons fabricated in the present
work, the fitting parameters for the models are shown in Table 4. It also
collects the SSR value to assess the model’s suitability to the experi-
mental data. It is observed that for all the carbons used for CO,
adsorption, Freundlich and Halsey models show better behavior than
the other models. Temkin model shows the worst behavior, and it is
unable to modelize the CO, adsorption equilibrium in a satisfactory
manner, in agreement with a previous study [42]. Taking into account
the non-satisfactory behavior of Temkin isotherm to fit experimental
data, this equation has not been used to determine the heat of adsorption
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Fig. 8. Experimental data and models for CO, adsorption isotherms. (—-)
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for each adsorbent.

Considering the good performance of the Freundlich isotherm for
modeling CO, adsorption in PAN-based carbons, the fitting parameters
shown in Table 4 for this model can be analyzed.

A previous study has concluded that the parameter ng provides in-
formation about the surface characteristics of the material [43]. In this
way, it is observed that the np parameter reaches higher values for
non-activated adsorbents (values between 2.81 and 3.15), indicating
that the surface of these materials is more heterogeneous. This conclu-
sion is consistent with a previous study on PAN-derived carbons [21].
For activated carbons, it is observed that the use of low temperature
(873 K) allows to reach the highest values of this parameter (ranging
from 2.15 to 2.56) because the activation treatment was not very
aggressive. When temperatures above 873 K were used, the values of ng
decreased in all cases (ranging from 1.13 to 1.39), which would be
related to a more energetically homogeneous surface and support the
fact that the adsorption is of a physical type. In all cases, the inverse of np
takes values between 0 and 1, which allows concluding that the
adsorption process is favorable. On the other hand, regarding the value
of the Ky parameter, a decrease in its value is observed with increasing
the temperature used to fabricate the carbons. Higher values for this
parameter indicate stronger interactions between adsorbate and
adsorbent.

3.2.1. Effect of temperature in gas separation process

Considering both the experimental data previously shown in Fig. 5
and the conclusions reached by other researchers [37], additional work
related to gas separation processes by adsorption has been carried out.
Specifically, for this part of the work, those carbons that have shown the
most interesting characteristics (i.e., high microporosity and surface
area based on the data from Table 3) have been selected.

Therefore, studies on CO adsorption at different temperatures have
been carried out to obtain more information about the adsorption pro-
cess in these types of materials. Fig. 9 shows an example of the influence
of temperature on the magnitude and shape of CO5 adsorption isotherms
for PAN-1123-0-2. It can be observed that as the temperature, at which
the adsorption process occurs, increases, the amount adsorbed decreases
significantly. This behavior is consistent with a physical adsorption
process. Regarding the shape of the isotherm, no significant changes are
observed.

The experimental data for CO, adsorption on the selected materials
at temperatures different than 273 K have also been fitted using the
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Table 4
Adsorption equilibrium parameters of isotherm models for CO, at 273 K.
Langmuir Freundlich
Material N 1, Ky SSR ng Kg SSR
(PAN-T-S-KOH) (mmol-g") (kPa™) © (mmol-kPa"g™")
PAN-873-2-0 1.21 0.077 0.045 3.15 0.265 0.027
PAN-1123-2-0 2.70 0.062 0.197 2.81 0.482 0.097
PAN-998-4-0 2.15 0.075 0.139 3.12 0.461 0.073
PAN-873-0-2 4.38 0.045 0.574 2.44 0.573 0.060
PAN-1123-0-2 10.28 0.009 0.318 1.29 0.144 0.104
PAN-873-4-2 3.89 0.049 0.491 2.56 0.566 0.055
PAN-1123-4-2 9.29 0.006 0.142 1.20 0.079 0.007
PAN-873-2-4 4.88 0.034 0.626 2.15 0.469 0.028
PAN-1123-2-4 12.02 0.004 0.068 1.13 0.060 0.006
PAN-998-0-4 8.95 0.009 0.409 1.33 0.140 0.001
PAN-998-4-4 4.56 0.070 0.174 1.39 0.089 0.005
PAN-998-2-2 7.67 0.008 0.220 1.29 0.100 0.001
Temkin Halsey
Material Br Ky SSR ny Ky SSR
(PAN-T-S-KOH) @) (kPa™) O] Q]
PAN-873-2-0 0.214 1.58 0.005 -3.15 65.4 0.027
PAN-1123-2-0 0.499 1.08 0.091 -2.81 7.8 0.097
PAN-998-4-0 0.382 1.50 0.023 -3.12 11.2 0.073
PAN-873-0-2 0.835 0.68 0.720 —2.44 3.9 0.060
PAN-1123-0-2 1.418 0.21 7.689 -1.29 12.2 0.059
PAN-873-4-2 0.733 0.78 0.468 -2.56 4.3 0.055
PAN-1123-4-2 1.023 0.19 4.896 -1.20 21.3 0.007
PAN-873-2-4 0.939 0.50 1.383 -2.15 5.1 0.028
PAN-1123-2-4 0.992 0.18 5.245 -1.13 24.3 0.006
PAN-998-0-4 1.252 0.22 6.668 -1.33 13.6 0.000
PAN-998-4-4 0.686 0.22 1.930 -1.39 28.8 0.005
PAN-998-2-2 1.005 0.21 4.509 -1.29 19.3 0.001
6 Based on the experimental data regarding the influence of temper-
T ) T ) T ) T ) T ) T ) ature on CO; adsorption, the analysis of the heat of adsorption involved
r T=273 K1 can be carried out. This parameter is considered important when eval-
5L i T [ | uating the type of adsorption that occurs and its relation to the adsorbent
. i1 regeneration stages. This value depends on the interactions between
— I it | adsorbate and adsorbent and the coverage degree of the adsorbent
‘o 4t 7 ¥ L) - surface [44], making it important to determine the heat of adsorption in
g | 2 the entire CO, adsorption range. For this latter, the Clausius-Clapeyron
£ . £ T=298K equation (eq. (7)) has been used.
s 11 -
) 1itt - 1
O criitl ] mp— (=) Li¢ @
o 11 1= R T
o) 742+ i
2 i E i 14 { . . . . 1 .
5 1 T7% E et 1l | where Qg is the isosteric heat of adsorption (kJ mol ™) determined from
Tet _ - .
2 cpietd fR1d T=323K the slope of the plot of InP versus 1/T, R is the universal gas constant
s L - - - . .
geott (8.314 Jmol' K 1), T is the temperature (K), P is the gas pressure, and C
1 is a constant.
The heat of adsorption values determined for the selected carbons
1 " 1 " 1 " - . . . . . . pe
60 80 100 120 are shown in Fig. 10, along with the influence of fabrication conditions
and surface coverage degree. First, the magnitude of this parameter was
P (kPa) lower than 45 kJ-mol’}, indicating that physical adsorption took place.

Fig. 9. Influence of temperature upon CO, adsorption isotherms using PAN-
1123-0-2 carbon.

different models; the corresponding parameters are shown in Tables 5
and 6. It can be observed that, as for CO, adsorption at 273 K, the
Freundlich model fits the experimental data more satisfactorily at 298
and 323 K. For these temperatures above 273 K, the Langmuir isotherm
shows improved performance. In fact, a previous study [42] that
analyzed CO: adsorption on activated carbons found better performance
of the Langmuir isotherm compared to the other models used in the
present study. Similarly, it is observed that an increase in temperature
tends to decrease the values of the fitting model parameters. The
observed decrease in the value of Kg as the temperature increases further
confirms the type of physical adsorption previously observed for these
materials.

10

On the other hand, it can be observed that, generally, there is a decrease
in the heat of adsorption as the amount of CO, adsorbed increases. This
behavior tends to be observed in adsorbents with porosity corresponding
to very small pores (i.e., ultramicroporous systems). CO2 tends to adsorb
preferentially in these small pores, where stronger adsorbate-adsorbent
interactions occur, which is related to the large heat of adsorption values
reached at low surface coverages [45].

Analyzing the influence of fabrication conditions, it can be observed
that PAN-1123-0-2 and PAN-998-0-4 show the lowest adsorption heat
values. As seen, these materials were produced at higher temperatures,
and they also exhibited a lower degree of microporosity. Additionally,
high temperatures tend to reduce the functional groups present on the
surface of the adsorbent material, affecting the intensity of the
adsorbate-adsorbent interactions. The decrease in the intensity of these
interactions is consistent with the previous conclusions drawn from the
analysis of the fitting parameters of the Freundlich model.
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Table 5
Adsorption equilibrium parameters of isotherm models for CO; at 298 K.
Langmuir Freundlich
Material N 1, Ky SSR ng Kr SSR
(PAN-T-S-KOH) (mmol-g™) (kPa™) © (mmol-kPa"-g ™)
PAN-873-0-2 3.10 0.040 0.218 2.43 0.392 0.019
PAN-1123-0-2 7.03 0.007 0.034 1.24 0.072 0.018
PAN-873-4-2 2.82 0.038 0.141 2.38 0.342 0.023
PAN-873-2-4 1.76 0.051 0.047 2.71 0.285 0.031
PAN-998-0-4 5.90 0.007 0.055 1.27 0.069 0.001
Temkin Halsey
Material Br Kt SSR ny Ky SSR
(PAN-T-S-KOH) @] (kPa™) O] Q]
PAN-873-0-2 0.636 0.48 0.192 —2.42 9.7 0.020
PAN-1123-0-2 0.927 0.15 1.404 -1.24 26.1 0.020
PAN-873-4-2 0.595 0.43 0.999 -2.38 12.9 0.024
PAN-873-2-4 0.360 0.62 0.219 ~2.70 30.0 0.032
PAN-998-0-4 0.806 0.16 1.192 -1.27 29.9 0.001
Table 6
Adsorption equilibrium parameters of isotherm models for CO; at 323 K.
Langmuir Freundlich
Material N1 Ky SSR ng Kg SSR
(PAN-T-S-KOH) (mmol-g™) (kPa™) ©) (mmol-kPa™-g™)
PAN-873-0-2 2.16 0.040 0.153 1.94 0.178 0.039
PAN-1123-0-2 5.69 0.004 0.007 1.15 0.033 0.009
PAN-873-4-2 2.04 0.031 0.065 1.73 0.122 0.081
PAN-873-2-4 1.37 0.037 0.021 2.09 0.128 0.017
PAN-998-0-4 3.76 0.007 0.033 1.19 0.032 0.001
Temkin Halsey
Material Br Kt SSR ng Ky SSR
(PAN-T-S-KOH) ©)] (kPa™") (O] )
PAN-873-0-2 0.490 0.34 0.168 ~2.06 27.5 0.012
PAN-1123-0-2 0.664 0.11 0.821 -1.16 50.6 0.005
PAN-873-4-2 0.455 0.29 0.697 -1.91 37.3 0.019
PAN-873-2-4 0.304 0.35 0.236 ~2.08 72.2 0.018
PAN-998-0-4 0.504 0.14 0.488 -1.18 58.3 0.001
45 treatment, the lower is the presence of suitable functional groups in the
j T j T j T j T carbon surface [46].
L —— PAN-873-0-2 - Using adsorbents for gas separation requires combining a good
PAN-1123-0-2 adsorption capacity with high selectivity toward the gas to be adsorbed
— aor — PAN-873-4-2 | in relation to the other gases in the gas stream. For this reason, evalu-
© | — PAN-873-2-4 | ating the selectivity of the selected materials is necessary. To do this,
E — PAN-998-0-4 nitrogen adsorption was performed to assess the behavior of the mate-
x 35 rials in relation to a typical model stream from a post-combustion pro-
S L | cess (15 % CO; and 85 % N3). The experiments were carried out using
5 the same experimental procedure as those previously analyzed for CO,,
— . . .
S 30 . and Table 7 shows the fitting parameters corresponding to the Lang-
B | | muir, Freundlich, Temkin and Halsey models.
S In contrast to the previously observed behavior for CO5 adsorption
© 25 1 experiments for the different PAN-based carbons, Langmuir, Freundlich
9] . . . . ey
T | ] and Halsey show suitable behavior to fit adsorption equilibrium exper-
imental data but Langmuir equation reaches the best results. This last
20 | — model can be considered appropriate for nitrogen due to the non-
) . ) . ) . ) . presence of interactions between adsorbate molecules and the absence
0.0 0.5 1.0 15 20 of multilayers at the pressure range and temperatures used in these

Adsorbed CO, (mmol-g™)

Fig. 10. Influence of adsorbent surface coverage and fabrication conditions
upon the heat of adsorption.

The carbons that have shown higher adsorption heat values are
fabricated at a temperature of 873 K, with or without the presence of
sulfur. The presence of a higher amount of KOH tends to decrease the
heat of adsorption, similar to what was observed with the use of higher
temperatures. In other words, the more aggressive the activation
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experiments.

To determine the CO; selectivity in a binary gas mixture, the IAST
(Ideal Adsorbed Solution Theory) model was used, as it considers the
competitive adsorption between the gases present in the gas phase in
contact with adsorbent material. The data corresponding to the selec-
tivity for the different PAN-based carbons are shown in Fig. 11. It is
worth noticing that there are differences among the carbon materials.
Particularly, PAN-1123-0-2 and PAN-998-0-4 materials achieve the
worst selectivity values regarding CO5 adsorption in the presence of Na.
These carbons were fabricated using the highest temperatures. This
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Table 7
Adsorption equilibrium parameters of isotherm models for N, at 273 K.
Langmuir Freundlich
Material N1, Ky SSR ng Kp SSR
(PAN-T-S-KOH) (mmol-g™) (kPa™) © (mmol-kPa™g™)
PAN-873-0-2 0.61 0.009 110" 1.20 0.007 0.006
PAN-1123-0-2 2.00 0.004 2:10° 1.10 0.009 0.006
PAN-873-4-2 0.89 0.005 1.10° 1.13 0.006 0.002
PAN-873-2-4 0.89 0.007 110" 1.17 0.007 0.012
PAN-998-0-4 2.84 0.002 2:10°° 1.06 0.007 0.002
Temkin Halsey
Material Br Kt SSR ny Ky SSR
(PAN-T-S-KOH) © (kPa™) © @]
PAN-873-0-2 0.078 0.25 0.018 ~1.20 399.0 0.006
PAN-1123-0-2 0.158 0.21 0.115 -1.10 170.1 0.006
PAN-873-4-2 0.083 0.22 0.029 -1.13 352.9 0.002
PAN-873-2-4 0.104 0.24 0.036 -1.17 281.0 0.007
PAN-998-0-4 0.142 0.20 0.111 -1.06 190.6 0.002
i i i i i 3.3. Application of PAN-carbons in dye adsorption
1000000 F —— PPI\N-873-0-2I I I oA
E —— PAN-1123-0-2 5 . Based on conclusions from N5 adsorption isotherms shown in Fig. 4,
100000 L —— PAN-873-4-2 ] the materials with lower microporosity and mesoporous do not seem
E —— PAN-873-2-4 suitable for their use in gas separation processes by adsorption. How-
I — PAN-998-0-4 = ever, they could be of interest for the separation of larger molecules. The
%‘ 10000 3 . 3 use of adsorption for pollutant removal from aqueous solutions has
g [ o commonly been focused on dye separation (due to their low concen-
5 1000F 3 trations in water). This type of substance usually consists of molecules of
2. high molecular weight and size and is present in the wastewaters of a
E\‘ 100 k& 4 large number of industries (i.e., textile, wood, etc.). In the present work,
8 3 a commercial dye (Red GRA 200 %), employed in the wood industry has
10 _ Q—Q—QWE 1 been selected [22].
The experimental data of dye adsorption capacity and efficiency
: using the different fabricated materials in the present study are shown in
L E 3 Fig. 12. This figure also indicates the value of the surface area of each of
; 1 . 1 . 1 A I the adsorbent materials to be able to conclude that there is no agreement
0 20 40 60 80 100

Pressure (kPa)

Fig. 11. Influence of fabrication conditions upon CO; selectivity for PAN-based
carbons [21]: ((0J) PAN-1073-0-0, ((J) PAN-1073-1-0, ((J) PAN-1073-0-4,
() PAN-1073-1-4.

behavior was also observed when the calculated values for the heat of
adsorption were analyzed (Fig. 10), where these materials showed the
lowest values for this parameter.

In the same way as the heat of adsorption analysis, CO, selectivity
reaches lower values due to a lower degree of microporosity because the
presence of small-sized pores enhances CO; adsorption. In fact,
regarding the calculated selectivity values, there is a good correlation
between the degree of microporosity (see Table 3) and the selectivity
values, with an increase in this parameter as microporosity increases.

As previously mentioned, the effect of the presence of heteroatoms
was assessed by analyzing the CO; loading obtained using the different
PAN-based carbons: any type of positive influence on the selectivity
values was observed.

Fig. 11 also compares the data obtained for the CO, selectivity ob-
tained in the present work with those obtained for PAN-based carbons
previously fabricated under different experimental conditions [21].
Some of these carbons reached selectivity values similar to those of the
best carbons developed in the present work. The main difference is that,
in the previous work, the best carbons were non-activated
(PAN-1073-0-0 and PAN-1073-1-0): this means that, despite having
high selectivity values, they are not entirely suitable because the
adsorption capacity is not very high due to the low surface area achieved
as they did not undergo an activation process.

12

between this characteristic and the amount of dye adsorbed. For
example, the difference between the surface areas of PAN-873-2-4
(with 1115.5 m2.g'!) and PAN-998-4-4 (with 1701.7 m2-g!) would not
justify the change observed in the adsorbed amount from 190.2 mg/g
(18.2 %) to 1018.2 mg/g (99.8 %).

It can be seen that, under the selected experimental conditions, a
very high adsorption occurs using PAN-1123-0-2, PAN-1123-4-2, PAN-
1123-2-4, PAN-998-0-4, PAN-998-4-4, and PAN-998-2-2. Based on
these results, it can be concluded that the materials classified as meso-
porous (except PAN-1123-0-2) achieve a complete removal of this

PAN-098-4-0 [T} AE=218 %S, =191.7 g’
PAN-1123-2-0 | AE=1.1% S, =3168 m*g"
PAN-873-2:0 || AE=2.0% =207 g
PAN-998-2-2 i AE=99.8 % S,.=2837.8 m"g"
PAN-998-4-4 HAE=99.8% S, =1701.7 mi-g"
PAN-998-0-4 AE=90.8% S, =3322.0 m*g"
PAN-1123-2-4 1 AE=99.9% S,,=3194.5m*g"
PAN-873-24 [ il AE=182% S, =11155m"g"
PAN-1123-4-2 1 AE=99.8 % S,.=2723.0m’g"
PAN-873-4-2 I} AE=7.2% S,,=6920 g
PAN-1123-0-2 tHAE=99.3% S, =2462.4 g
PAN-873-0-2 ) AE=22 % §,=865.1 g’
T T T T T T 1
0 250 500 750 1000 1250 1500
Dye adsorption (mg-g”)

Fig. 12. Dye adsorption capacity and efficiency by PAN-based carbons Cy =
500 ppm, S/L ratio = 0.5, natural pH (8.02).
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pollutant. The difference in the behavior of PAN-1123-0-2 with respect
to PAN-873-0-2, PAN-873-4-2, and PAN-873-2—4 in terms of the red
dye adsorption may be because, in the case of PAN-1123-0-2, the
observed knee (see Fig. 1) is present during a larger relative pressure
range, which implies the existence of micropores in a larger size range of
this type of pores (i.e. 0.7 < D, < 2 nm). These results indicate a certain
degree of size exclusion in the most microporous materials since the
dependence on the surface area does not show a clear trend.

To confirm this behavior, Fig. 13 shows the influence of the average
pore size on the adsorbed amount of dye. It is observed that a pore size of
2 nm or larger allows complete adsorption of the pollutant. Further-
more, it confirms some limitations for the access of molecules into the
porous structure or diffusion-type problems. This conclusion agrees with
the largest dimension of the dye molecule [22] that has been estimated
of around 1.3 nm. For this reason, those carbons with a pore diameter
higher than 2 nm have shown an important adsorption capacity since a
large part of the pore structure is available for dye adsorption.

Once the role of different operating variables on the structure of the
adsorbents, as well as the behavior in CO: adsorption and that of GRA-
200 %, has been analyzed in detail, Table 8 presents a summary of the
observed behaviors. As previously mentioned, it is difficult to draw clear
conclusions for some variables, since modifying one operating variable
can cause changes in other characteristics of the adsorbents (for
example, the effect of temperature on surface area and nitrogen het-
eroatom content).

Regarding the proposed mechanism by which the adsorption of these
two adsorbates preferably occurs on fabricated carbons derived from
PAN (Fig. 14), for both molecules (CO: and Red dye), the characteristics
of the porous structure of the adsorbent appear to play the main role,
although in different ways. It should be noted, as previously mentioned,
that the greater or lesser presence of heteroatoms, as well as the use of
higher or lower temperatures or amounts of activating agent, leads to
different characteristics in the porous structure. On one hand, micro-
porosity tends to enhance adsorption at low pressures and selectivity in
CO: adsorption, due to the fact that the main adsorption mechanism is
physisorption—specifically pore-filling (because of the pressure range
used) [47]. On the other hand, it generates a size exclusion effect in the
case of the red dye. In this latter case, different types of interactions that
favor adsorption can occur and are shown in Fig. 14 [48].

Table 9 shows several examples of the behavior of different carbon-
based materials, aiming to compare the results obtained in the present
study. With regard to CO: adsorption, it can be observed that some of the
materials made from PAN in this study reach values in the high range

1200 T T T T T T T T T T

1000 = £ —= 5

800

600

400

Dye adsorbed (mg-g™)

200

1 . 1 . 1 . 1 . 1
25 3.0 3.5 4.0

Dp (nm)

Fig. 13. Effect of average pore diameter upon red dye adsorption capacity.
= 500 ppm, S/L ratio = 0.5, natural pH (8,02).
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Table 8
Influence of parameters upon different key characteristics.

Surface area Microporosity CO,, ads. Dye ads.

Nitrogen ‘ ) 4 ‘
Sulfur 4 ‘ ‘ 4
s - o A
Temperature ) ‘ ) )

Coz‘ Macropores

- Mesopores

\Micropores

Fig. 14. Diagrammatic representation of pore structure influence upon CO,
and red dye adsorption.

Table 9
Summary of adsorption capacities for adsorbates used in present work for
carbon-based adsorbents.

Adsorbent (precursor)”  Adsorbate Conditions " Uptake Ref
T(K)/t(min) (mmol g1
OMC (Pluronic F127) CO, C-623/300 3.0 [49]
OMC (N-dopped CO, C-673/120 4.9 [50]
Pluronic F127) A-1123/120/
KOH
GO (N-dopped) CO, C-1073/120 6.5 [51]
CNF (PAN) CO, C-873/180 2.3 [52]
CMF (PAN) CO4 C-1173/90 3.4 [53]
AC (PBZC) CO, C-773/60 6.7 [54]
A-873/60/
KOH
Adsorbent (precursor)”  Adsorbate Conditions " Dye uptake Ref
T(K)/t(min) (mg g™h
MWCNT Acid red 18 purchased 166.7 [55]
MWCNT Reactive red CCVD 335.7 [56]
M-2BE
Functionalized Congo red CCVD 148.0 [57]
MWCNT
GO (Graphite) Direct red 23 C-323/1440 15.3 [58]
GO (Graphite) Basic red 46 C-323/1440 76.9 [59]
Alkali activated CNF Congo red C-1173/60 547.6 [60]
(PAN)
Mesoporous CNF Acid red 1 C-1173/240 493.0 [61]

(Phenolic resin)

# AC: activated carbon; OMC: Ordered Mesoporous Carbon; GO: Graphene
Oxide; CNF: Carbon Nanofibers; CMF: Carbon Microfibers; PBZC: Poly-
benzoxazine; MWCNT: Multi-walled carbon nanotubes.

b Conditions refer to carbon fabrication (C), activation (A), catalytic chemical
vapour deposition (CCVD).
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(above 5 mmol-g™") of those shown in Table 9—typically corresponding
to activated carbons under conditions similar to those used in this
research work. When analyzing the behavior of the adsorbent materials
in relation to red dye adsorption, it can be seen that they reach values
higher than those reported in the literature, although in these cases the
initial concentration of dye in the liquid phase may play a particularly
important role.

4. Conclusions

Carbons with different characteristics have been fabricated from
PAN using different temperatures and ratios of activating agent (KOH)
and doping agent (S) and analysed in relation to the presence of het-
eroatoms and their porous structure.

The incorporation of sulfur into the carbon structure was demon-
strated and enhanced at lower temperatures. This influence was also
observed for the presence of nitrogen in the adsorbent materials. The
fabrication conditions have significantly influenced PAN-based carbons
in relation to their porous structure. The use of higher temperatures and
the presence of the activating agent (KOH) tend to increase their specific
surface area. However, at the same time, the pore size tends to increase,
resulting in mainly mesoporous materials. In contrast, the use of lower
temperatures within the studied range and low KOH ratios generates
microporous materials, which may show supramicro- or ultra-
microporous characteristics. This makes it possible to create tailored
carbons for different types of applications.

It has been concluded that characteristics related to the porous
structure play a crucial role in CO, adsorption, with an enhancement
observed in materials with high degree of microporosity, which also
showed high selectivity values towards CO» in binary mixtures with Nj.

The Freundlich and Halsey models provided the best results when
fitting the experimental equilibrium data for CO2 adsorption at different
temperatures, showing that the surface of these carbons is heteroge-
neous for the gas adsorption. Higher fabrication temperatures tend to
generate a more homogeneous surface, and Langmuir model describes
better CO; adsorption isotherms. In the case of N3 adsorption, Langmuir,
Freundlich and Halsey exhibit a satisfactory behavior.

The importance of the porous structure is also observed in studies
with larger molecules (such as a commercial red dye), where a size
exclusion phenomenon was observed, completely limiting the dye
adsorption in microporous carbons with an average pore size smaller
than 2 nm. The strong influence of pore size on dye adsorption makes it
difficult to adequately assess other factors such as the presence of het-
eroatoms or the surface area.
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