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Abstract

The presence of heteroatoms, such as nitrogen or oxygen, on the surface of nanoporous
activated carbons (ACs) promotes CO, uptake due to the stronger specific interactions
between these heteroatoms and the adsorptive. However, heteroatom doping post-treatments
often decrease the surface area and pore volume of ACs, and it is difficult to separate
heteroatom doping from textural effects. The objective of this paper was to investigate when
the control of adsorption shifts from surface chemistry to textural characteristics. For this
purpose, three different types of commercial ACs were doped with nitrogen and/or oxygen by
an easy and cheap method and then subjected to CO, adsorption experiments up to 32 bar at
273K. We evaluated the effect of the surface chemistry and texture, considering the whole
range of porosity, on CO, adsorption as a function of pressure. Below atmospheric pressure,
CO; adsorption is mainly controlled by surface chemistry, increasing with O+N content, and
the narrowest pores are responsible for more than 60% of CO, adsorption at pressures below
0.01 bar. Above atmospheric pressure, from 1 to about 5 bar, the textural properties become
more and more significant to finally take control of the adsorption phenomena at pressures
above 5 bar. We have undoubtedly shown that the adsorption capacity is only a function of
the total pore volume and that the adsorbed density is even higher than that of liquid CO, in

ultramicropores (pore diameter less than 0.7 nm) at pressures of 15 bar and above.
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1. Introduction

One of the most important challenges currently facing the scientific community is how to
mitigate the high levels of CO, emissions into the atmosphere. CO,, considered one of the
most important greenhouse gases®, comes mainly from the burning of fossil fuels such as coal,
oil and natural gas, and is co-responsible for the current global warming of our planet®. Thus,
over the past few centuries, the atmospheric CO, concentration has steadily increased from
less than 300 ppm in the pre-industrial era, in the mid-1800s, to over 400 ppm in 2016°. Most
scientists agree that CO, emissions need to be reduced by 30-60% by 2050 to keep the CO,
concentration in the atmosphere below 550 ppm*. Carbon Capture and Storage (CCS) alone
has the potential to reduce by about 20% the CO, emissions by 2050°. The number of
commercial CCS facilities has increased from 22 in 2014 to 65 in 2020, representing a total
CCS capacity of 40 Mt CO,/year™>. This capacity should be increased up to 5635 Mt by 2050
in the IEA sustainable development scenario®. The three main strategies to achieve CO.
capture are absorption by solvents®, separation by membranes’ and adsorption on high-surface
area materials®®. Nowadays, the most developed is CO, absorption by amine-based liquids®’
due to their high selectivity and CO, absorption capacity, chemical resistance, ease of

regeneration and low cost'%**.

A competing CO, capture technology should reduce energy consumption for regeneration,
have higher capture capacity, be easier to handle, and have a reduced environmental impact,

among others'?. Adsorption could be a realistic alternative depending on the adsorbent

15,16

considered™®**. A large number of adsorbent types, such as zeolites®>*®, activated carbons

(ACs)'"*® metal-organic frameworks (MOFs)'®*°  porous polymers® and mesoporous

16,21

oxides are applied in CCS processes. ACs are a very promising class of adsorbents for

CO; capture due to their various advantages such as low cost, easy regeneration, moisture



resistance and high mechanical strength. The successful application of an AC for CO, capture

depends on its adsorption capacity and selectivity %%,

The CO, adsorption capacity is well correlated with the textural properties of the
adsorbent, more precisely with the amount of micropores narrower than 0.7 nm**#’ and the
content of basic heteroatoms on the surface?®>2. Thus, one of the most commonly used
strategies to improve the adsorption capacity and selectivity of ACs for CO, is to increase

33,34

their surface basicity by N doping™~". Nitrogen can be naturally present in carbon

precursors®®3>-3#

or incorporated in a second step at sufficiently high temperatures that
reactions occur when the carbonaceous material is in contact with a nitrogen-rich gas (i.e.,
NH; or HCN)*“ or nitrogen-rich compounds such as urea**>. Although the presence of

microporosity and heteroatoms in ACs has a positive effect on CO, adsorption®#+*

, It is
difficult to identify the benefits of each separately?®?***4°_In addition, most studies have been
performed at atmospheric pressure, in which the effect of working pressure has often been
neglected*®. Depending on the pressure, an expensive doping treatment could be irrelevant or

even disadvantageous, as the micropore volume and surface area could be significantly

reduced after doping.

With this in mind, the present study has two main objectives: (a) to elucidate the effect of
doping on textural properties; and (b) to elucidate the effect of both heteroatom content and
texture on CO, adsorption capacity. Three commercial ACs were selected and doped with
nitrogen using urea, assisted or not by a preliminary oxidation step in order to increase the
reactivity of carbon. Their textural properties and elemental compositions were investigated,
and their CO, adsorption isotherms were obtained up to 32 bar at 273K. The final panel of 14
ACs with different textures and heteroatom contents allowed us to extract clear conclusions

about the effect of each factor on CO, adsorption as a function of pressure.



2. Materials and methods

2.1 Pristine activated carbons

Three commercial activated carbons (ACs), nhamed MSP-20X, MSC-30 and CW30, were
used as oxygen-and nitrogen-doped AC precursors. The former two ACs were supplied by
Kansai Coke & Chemicals™ (Japan), and the latter was provided by Silcarbon & Aktivkohle

(Germany).

2.2 Chemical modifications

ACs doped with oxygen and/or nitrogen were prepared by chemical and/or thermal

treatment, according to the three following routes that are schematized in Figure 1:

e O-doped carbons were prepared by oxidizing 3g of AC with a hydrogen peroxide solution
(31 wt.%, VWR) at room temperature without stirring. For this, 10 mL of H,O; solution
was added at 1h intervals until 30 mL were poured onto the AC. 1h after the last addition,
the AC was washed with distilled water and dried overnight in a ventilated oven at 378K.
The resulting materials were labeled using the name of the pristine AC followed by O (e.g.,
oxidized MSP-20X was labeled MSP-20X-0O).

e N-doped carbons were obtained using urea as the N doping agent. Urea crystals (99.5 %
purity, ACROS) were first ground with a PM 100 planetary ball mill (RETSCH) and
sieved to a particle size less than 100 um. 1g of AC was then mixed with urea powder,
using a urea to AC weight ratio of 1 or 2. Once the blend was obtained, it was subjected to
heat treatment in a tube furnace heated to 623K at a heating rate of 5K min™, and flushed
with synthetic air at 50 cm® min™. The final temperature was maintained for 3h, after
which the samples were cooled to room temperature under the same air flow. Finally, the
materials were washed with hot water to neutral pH and dried overnight in a ventilated

oven at 378K, as described elsewhere*’. The resulting materials were labeled using the
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name of the pristine material followed by U and the ratio of urea applied, 1 or 2, (e.g., N-
doped MSP-20X was labeled MSP-20X-U1 or MSP-20X-U2).

e O-N-doped carbons were obtained by mixing 1g of the O-doped carbons with urea powder,
and subjecting the blend to the same protocol as described above. The resulting materials
were labeled using the name of the pristine material followed by O and U2, as we only
used an AC/urea weight ratio of 2 (e.g., O-N-doped MSP-20X was labeled MSP-20X-

ou2).

Urea functionalization,
350°C air (50 cm® min™)

Oxidation,
H,0,; (31 wt.%)
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Figure 1. Scheme of the chemical/and or thermal treatments applied and the nomenclature

used, MSP-20X being taken here as an example.

2.3 Adsorbent characterization

Nitrogen and hydrogen adsorption isotherms at 77K were obtained after outgassing under
secondary vacuum at 383K for at least 48h by using an ASAP 2020 automatic adsorption
device from Micromeritics. The specific surface area was determined either from N

isotherms by applying the BET equation to obtain Ager (m? g), or from both N, and H;



isotherms by applying the two-dimensional Non-Local Density Functional Theory (2D-
NLDFT) to obtain Syo-niorr (M? g7 using the SAIEUS software supplied by Micromeritics,
which also allows to determine the pore size distribution (PSD). By integration of the PSD in
the adequate pore diameter range, the volumes of ultramicropores (< 0.7 nm), Vitpicro (cm®qg
1; supermicropores (0.7-2nm), Vsypicro (¢M® g™); micropores (< 2nm), Vo (cm® g);
mesopores (2-50nm), Vyves (cm® g?) and the total volume of pores, Vr (cm® g*), were
determined. The ultramicropore fraction, Xuicro (dimensionless), was calculated by the ratio
of ultramicropore to micropore volumes. The micropore fraction, X, (dimensionless), was
calculated by dividing the micropore volume by the total pore volume. The average pore
diameters across the entire pore range, Lo (nm); in the mesopore range, Lo meso (NM); in the
micropore range, Ly icro (NM); in the supermicropore range, Lo sup-uicro (NM); and in the
ultramicropore range, Lo utuicro (NM); were calculated by integration of the PSDs. For
comparison purposes, the micropore volume was also calculated using the Dubinin-
Raduskevich (DR) equation applied to the N, adsorption isotherm, Vprnz (cm® g). More

details are given elsewhere*®*°.

The carbon, oxygen and nitrogen contents on the surface were determined by X-ray
photoelectron spectroscopy (XPS), using an ESCAPlus OMICROM system with a
hemispherical electron energy analyzer with an analysis area of 1.75 x 2.75 mm. The
spectrometer was operated at 10 kV and 15 mA, using a non-monochromatized Mg X-ray
source (1253.6 eV) under vacuum (< 5 x 10~° Torr). The CASA data processing software was
used to perform smoothing, Shirley-type background subtraction, peak fitting, and

quantification®>*.

Elemental analysis (EA) was carried out with a Vario EI Cube elemental analyzer

(Elementar) to determine carbon, hydrogen, nitrogen and sulfur contents by combustion of the



samples in a mixture of dioxygen and helium. The oxygen content was directly quantified

with the same equipment in a second step. More details are given elsewhere™.

2.4 CO, adsorption isotherms

Low-pressure CO, adsorption data at 273K were obtained using an ASAP 2420
manometric device. Prior to measurement, the samples were outgassed under secondary
vacuum (7 x 10 mbar) and 383K for at least 48h. High-pressure CO, adsorption experiments
were carried out at 237K and up to 32 bar using an HPVA Il manometric high-pressure device
(Micromeritics). Prior to any measurement, the samples were also outgassed in the same
conditions as above. After evacuation, the pressure was increased stepwise, from 0.5 to 32
bar, and then decreased in steps from 32 to 5 bar. At each step, the amount of gas adsorbed by
the sample was calculated as the difference between the amounts of gas dosed and determined
at equilibrium pressure. The contribution of the empty cell was systematically measured and

subtracted from all data in order to improve accuracy.

2.4.1 Fitting of CO, adsorption isotherms

The Sips model®®

was applied to describe the experimental data obtained to better
understand the relevant factors affecting the CO, adsorption capacity. The Sips isotherm is a
combination of the Langmuir and Freundlich isotherms and it introduces a finite adsorption

limit to the Freundlich equation; the mathematical form of the model is:

1
g kp /ng

q= [l—i—kspl/"s] (1)

where gs (mol g) is a constant reflecting the saturation adsorption capacity, ks (bar™) is the

Sips constant or affinity constant, and 1/ns (dimensionless) is the heterogeneity factor.



The parameters of the isotherm were obtained by nonlinear fits of the aforementioned
equation to the experimental CO, equilibrium data with Origin version 9.0 software, using the
Levenberg-Marquardt algorithm. The adsorption models leading to the best fits were

identified from the obtained determination coefficient R which was as close to 1 as possible.

2.4.2 Fitting of CO, adsorption capacities

The contributions of textural properties and surface chemistry to CO, adsorption capacity
were evaluated as follows. First, based on PSDs, the pore volumes V; (cm®g) of the materials
were divided into four classes according to their pore size L (nm): Vi<, Vos<L <07, Vo.7 <L <2,
Vi 2, and a coefficient representing the contribution to adsorption was associated with each
range. Then, the contribution of surface chemistry was assigned to the addition of oxygen and
nitrogen contents (Cxy0), Obtained by XPS. Therefore, the CO, adsorption capacity, g (mol

kg™), was represented mathematically as follows:

q=ay Vico.s +az Vosa<o7+ a3z Voger<a T as Visy +b Cxyio 2

At a given pressure, a multiple linear regression, based on the previous equation, was carried
out on the whole set of experimentally obtained data (V,, Cy;o and q), which allowed the
determination of coefficients a; and b. The coefficients a; to a4 represent the average density
of the adsorbed phase in each pore class, while the parameter b is directly correlated to the
interaction with the nitrogen content at the surface. The model was fitted to the experimental

data obtained at 10 different pressures: 0.01, 0.1, 0.5, 1, 2, 5, 7, 10, 15 and 25 bar at 273K.



3. Results and discussion

3.1 Chemical composition and its effect on texture

Figs. 2a, 2b, 2c and 2d show the nitrogen and hydrogen adsorption-desorption isotherms,

PSDs and corresponding cumulative pore volumes, respectively, of the non-doped ACs. MSP-

20X and MSC-30 had type la and Ib nitrogen isotherms, i.e., characteristic of microporous

materials according to the IUPAC classification®®, without a hysteresis loop. The main

difference between them was the relative pressure at which the adsorption plateau is reached:

0.1 for MSP-20X and 0.4 for MSC-30. MSC-30 is then a super-activated carbon with a highly

developed pore texture and a high fraction of supermicropores and narrow mesopores. CW30

showed a type IV isotherm and exhibited a hysteresis loop at relative pressures above 0.50,

suggesting the presence of capillary condensation in the mesopores.
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Figure 2. Adsorption (full symbols) and desorption (empty symbols) isotherms at 77K of: (a)
nitrogen, and (b) hydrogen; (c) pore size distributions, and (d) cumulative pore
volumes calculated by the 2D-NLDFT model, of pristine commercial activated

carbons. The insert in (a) shows nitrogen isotherms up to a relative pressure of 10°°,

The textural properties of doped and non-doped materials (specific surface area, total pore
volume, micropore volume, etc.) are gathered in Table SI 1 of the Supplementary
Information. High values of surface area Syp.niprr, between 1032 and 2522 m? g, and of
total pore volume Vr op.noer, from 0.67 to 1.60 cm® g, were found. The MSP-20X-derived
materials were mostly microporous (X,.. ranging from 93 to 95%.), the MSC-30-derived
materials showed significant content of micropores (X, ranging from 61 to 68 %.), and those
derived from CW30 showed a much lower content of micropores (X, ranging from 39 to 49
%). Urea treatment decreased the values of Syp.niprr Of the pristine ACs, and thus the urea /

AC weight ratios of 1 and 2 decreased them by 15-24 % and 20-28 %, respectively.

Fig. 3 shows the nitrogen and hydrogen isotherms at 77K as well as the PSDs and
cumulative pore volumes of the MSC-30 series: pristine MSC-30 AC and ACs doped with N,
O and N + O. Urea treatment induced a progressive decrease in average micropore size that
can be seen by the changes at the knee angle of the nitrogen isotherm at low relative pressures
(p/po < 0.2) (Fig. 3a) and confirmed by the PSDs (Fig. 3c). This suggests a gradual micropore
hindrance. N and O doping also decreased the pore volume of the other two series of
materials, as can be seen in Figs. SI 2 and SI 3 in the Supporting Information. MSC-30-O
showed this effect less intensely than the N-doped ACs, showing that hindrance is mainly due
to the N-functional groups. Thus, the PSD of MSC-30-U2 is almost identical to that of MSC-

30-0OU2.
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Figure 3. Same as Fig. 2, but for the pristine MSC-30 and derived MSC-30-doped ACs.

The bulk composition (C, H, O, N and N+O) of the pristine and doped ACs, measured by
elemental analysis, is presented in Table SI 4. The O content in the pristine ACs varied from
3.4. to 19.5 wt. %, for MSP-20X and CW30 respectively, whereas the N content was never
higher than 0.3 wt. % and the presence of S content was never detected. A slight reduction in
carbon mass was observed after the oxidation treatment, less than 5%, but urea doping did not

%% the O content

significantly change the final mass. In agreement with previous studies
increased dramatically after oxidation with H,O, and was 12.9, 13.7 and 28.0 wt. % for MSP-
20X, MSC-30 and CWa30, respectively. In the absence of preliminary oxidation, increasing
the urea / carbon weight ratio had a positive impact on the N content, as seen for the series
MSP-20X and MSC-30. Indeed, ACs doped with a urea / carbon weight ratio of 1 showed an
N content close to 7 wt. %, while those prepared with a ratio equal to 2 showed an N content

ranging from 10.5 to 15.1 wt. %. N doping was significantly favored by the presence of
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oxygen (see Tables Sl 4 and Sl 5), confirming that O plays a major role in N incorporation
due to Hofmann rearrangements, as previously reported®”*®. The N content further increased
to 13.2 and 16.5 wt.% for MSP-20X-OU2 and CW30-0OU2, respectively. A similar increase in
O and N contents was determined by XPS (Table SI 5), indicating that N doping occurred
primarily on the carbon surface.

The doping treatments modified both their chemical and textural properties. The ACs with
the highest N and O contents (CW30-OU2 and CW30-U2) also presented the most reduced
textural properties (i.e., Aget, S2p-NLDFT, Vsup-picro @Nd Vyicro). Figs. 4a and 4b show the linear
reduction of Syp.nLprr @and Aget, respectively, with the N + O content determined by elemental
analysis. The determination coefficient, R% was higher when plotting Syo.nioer, 0.85, than
when plotting Ager, 0.76, due to the limitations of the BET model but also due to the fact that
Sop-nprr Was calculated from the N, and H; isotherms at 77K, which give a more accurate
picture of the texture in doped ultramicroporous materials®*®°. The reduction in surface area
after urea treatment may be due to the incorporation of O and N groups grafted at the edges of
the carbon layers, which would induce a steric hindrance and thus a reduced access to the
micropores %2, This is in good agreement with the XPS analysis of the doped ACs, mainly
showing carbonyl (532.5 + 0.4 eV and 531.2+ 0.4 eV) oxygen groups (Table SI 6) and
pyridinic (398.5 + 0.4 eV) and pyrrolic (400.5 + 0.3 eV) nitrogen groups (Table SI 7)**%,
Comparing the bulk and surface compositions (Fig. 4c), it can be observed that the
determination factor of the linear correlation between them follows the order MSP-20X >
MSC-30 > CW30, which is in agreement with the lower correlation obtained between the
surface composition and Syp.nprr (Fig. 4d). The latter behavior may be due to the formation
of multilayered clusters of heteroatoms in materials of lower Syp.nLprr. Fig. 4e thus shows the
linear reduction in micropore volume as a function of the O+N content (R? equal to 0.9). The

mesopore volume also decreased with O+N doping, but with different slopes depending on
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the mesoporous fraction of the pristine ACs (Fig. 4f). Since the change in pore volume mainly
affects the mesopores and supermicropores (see again Fig. 3d), this indicates that O and N
heteroatoms are more likely to be incorporated into the wider pores. This hypothesis is also
supported by the fact that the ultramicropore content increased with doping (see again Table
SI 1), which could be due to pore hindrance by the increase in ultramicropore volume due to
the shrinkage of supermicropores.

On the other hand, the average micropore size of MSP-20X-derived ACs remained almost
constant with N+O content while a significant decrease in the average micropore size for ACs
derived from MSC-30 and CW30 was observed (see again Table SI 1). These different
behaviors indeed support that the doping occurred mainly in the widest pores. In this way,
Fig. SI 8 proposes a very simplified mechanism of pore narrowing after nitrogen and oxygen
doping. The presence of surface groups such as amine, amide, carboxyl and hydroxyl groups
are likely to occupy the pore volume while functional groups containing ether, pyrrole and
pyridine groups are, based on simple geometrical considerations, likely to distort the
carbonaceous pore structure. These types of functionalities are common in O- and N-doped
ACs®, inducing steric hindrance and local deformation of the carbon structure, which implies
shrinkage and eventual blockage of the pores. Table SI 9 gathers all the determination
coefficients corresponding to the correlations stablished between the textural and chemical

properties of the ACs.
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3.2 CO; adsorption at 273K

The CO; adsorption isotherms of the three commercial ACs were performed at 273K and
up to 32 bar and are shown in Fig. 5a. The CO, adsorption capacity at high pressure increases
with Syp.niper and thus follows the order CW30 < MSP-20X < MSC-30. Since the surface
area depends mainly on the micropore volume, the material with the highest adsorption
capacity is the MSC-30, which has the largest volume of micropores (Table SI 1). At the
highest pressure evaluated, the wider mesopores are not completely filled, because if this were
the case, CW30 should have a higher CO, capacity than MSP-X20, since the former AC has a
V7 equal to 1.46 cm® g™ versus 0.98 cm® g* for the latter. At pressures below 4 bar, the
capacity of MSC-30 was lower than that of MSP-20X due to the larger volume of narrow
pores present in the latter material, which are filled at lower pressures. Fig. 5b shows the
reduction in CO; capacity at high pressure upon increasing the heteroatom content, in good
agreement with the reduction in V¢ shown in Fig. 3d. The other two series of ACs exhibited

similar behaviors, as seen in Fig. Sl 10.

However, using the linear isotherm plot, the differences are not really clear at pressures
lower or equal to 1 bar. One way to assess the performance of the adsorbent in the low
pressure range, 0.001 — 1 bar, is to compare the values of Henry’s Law constant (H), which

can be obtained using the linearized Virial equation, Eq. (3)%:

n

In (g) - Z a;q — In(H) 3)

i=1
where ¢; (kg mol™) are the Virial parameters, p (bar) is the equilibrium adsorption pressure
and g (mol kg™) is the amount adsorbed at equilibrium. Fig. 5¢ shows In(p/q) versus q for the
pristine ACs, where the y-axis intercept is the negative natural logarithm of Henry’s law

constant®%7,
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content at the AC surface.
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Fig. 5d shows In(p/q) versus q for the MSC-30 series, in which the materials with the highest

Henry’s law constant are the doped ACs. Similar behavior is also shown by the other two

series of ACs (see Fig. SI 11). These trends could be due either to the increased fraction of

micropores wider than 0.7 nm, as mentioned above, or to enhanced interactions with the more

heteroatom-rich surfaces. Both hypotheses are illustrated in Figs. 5e and 5f where it is

respectively possible to see a clear correlation between the Henry constant and the average

micropore diameter on the one hand, and the heteroatom content on the other hand.

The CO, adsorption data of pristine and doped ACs were fitted by the Sips model to obtain

ns, ks and gs, and the values of the corresponding determination coefficients were in all cases

very close to unity (see Table SI 12). Fig. 6a shows the linear dependence (R* = 0.83) of ns

(dimensionless) with the O+N content, due to an increase in surface heterogeneity.
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Figure 6. Sips isotherm parameters: (a) ns: (b) gs; and (c) ks, as a function of the ratio of O+N
content to micropore volume, total pore volume, and supermicropore diameter,

respectively. Other correlations are shown in Table SI 13.

Fig. 6b shows the linear relationship of gs (mol kg™) with V1 (R? = 0.68); although the
determination factor is not high, it is higher than that found with Syp.nprr. This is due to the
fact that not only adsorption but also pore filling plays a role at pressures higher than 30 bar,
even though not all pores are filled with CO,, and this explains the relatively low
determination factor. Fig. 6¢ shows that ks (bar™) decreases linearly (R = 0.77) with the
average supermicropore diameter due to an increase in affinity between adsorbent and
adsorbate for the materials having a low average micropore diameter. Correlations between
the three Sips parameters and the other textural and chemical properties are presented in Table

SI'13.

3.3 Joint effect of textural and chemical properties on CO, adsorption

Due to the obvious effect of surface chemistry on the textural properties presented in
Section 3.1, and in order to assess the effect of both on the CO, adsorption capacity, the
uptakes obtained by the pristine and doped ACs were normalized by S;p.niprr and V. Figs.
7a and 7b show the dependence of the amount of CO, adsorbed per unit of surface area and
micropore volume, respectively, for all materials at 273K and different pressures (0.1, 1.0,
5.0, 10 and 25 bar) as a function of the surface N+O content and average pore diameter,
respectively. The uptakes obtained at each pressure and used for further analysis are shown in
SI 14. These figures evidence that increasing the N+O content linearly affects the CO,
adsorption capacity per surface area and per micropore volume in the low-pressure range (0.1
— 1 bar). The effect of N+O arises from the strong polar interactions between the quadrupole
moment of CO, and the nitrogen- and possibly oxygen-containing groups®®. The increase in

this interaction is strongly related to the basic character of certain nitrogen-containing surface
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groups that preferentially interact with CO,*. Such an increase in permanent polar
interactions can induce a local increase in the amount adsorbed. At low pressure, the decrease
in textural properties due to heteroatom doping is balanced by this increase in adsorbed
amount as observed in imine-based ACs®®. However, while the N+O content has a minor
effect at pressures above 5 bar, the average adsorbed density becomes linearly dependent on
the average pore diameter (Fig. 7b). This supports the fact that surface chemistry plays an
important and positive role at low pressure, and that this effect gradually disappears with
increasing pressure, where the role of pore volume becomes increasingly important.

Accordingly, Hu et al.”

reported that up to 10 bar, the CO, adsorption capacity of petroleum
coke activated with KOH is due to the filling of larger micropores (above 0.7 nm) and

mesopores (up to 4 nm).
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Figure 7. Amount of CO, adsorbed: (a) per unit of Sy;p.niprr; and (b) per unit of Vr at 273K
and 5 different pressures (0.1, 1.0, 5.0, 10 and 25 bar) as a function of the surface

O+N content and average pore diameter, respectively.

At this point, it is clear that the CO, uptake observed on ACs is a subtle balance between
physical interactions, favored by narrow pores, and chemical interactions, which are best
evidenced at low pressure. To confirm the previous findings, the contributions of textural

properties and surface chemistry to the CO, adsorption capacity were evaluated by fitting Eq.
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(2) to the experimental adsorption data. The polynomial fits showed good efficiency in
describing the experimental data (Fig. 8a). The coefficient related to the nitrogen and oxygen
content (Fig. 8b) increased with pressure up to 1 bar, where it remained constant until the
pressure of 5 bar. Above 5 bar, this coefficient suddenly decreased to near zero at 10 bar. This
indicates that the effect of heteroatom doping is limited to low pressures, below 1 bar in this
case. According to this multilinear regression and at pressures above 5 bar, the amount of CO,
adsorbed depends only on the textural parameters.
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Fig. 8c shows the contributions to CO, uptake (calculated from the adjustable parameters
a; to a4 in Eq. (2)) at 273K and pressures ranging from 0.10 to 25 bar as a function of average
pore size. It can be clearly seen that ultramicropores contribute up to 60% of the uptake at low
pressure while the contribution of supermicropores and narrow mesopores becomes
increasingly important as the pressure increases. From the fit, it was possible to estimate the
density of the adsorbed phase at different equilibrium pressures and as a function of the
average pore class (Fig. 8d): a; for pores smaller than 0.5 nm; a, for pores between 0.5 and
0.7 nm; a3 for pores between 0.7 and 2 nm; and a4 for pores wider than 2 nm. At all the
pressures, the estimated adsorbed density is higher in the narrow pore region, which is in
agreement with other previous studies®. At 10 bar, the density thus estimated reaches values
close to 980 kg m™ within the ultramicropores, whereas values around 600 kg m™ were
reported for coals at 10 bar and 313K ™, i.e., at a higher temperature than the one used in this
study, and these values represent the average density of the adsorbed phase. Other authors
who studied CO, adsorption on dry coal obtained an average density of the adsorbed phase
close to 987 kg m™ "2, which is very close to the values estimated here in the micropore range
and at pressures above 10bar. The maximum value of the adsorbed phase density obtained
here, 1031 kg m™, is higher than that of liquid CO, at the temperature of 273K. This

maximum was reached at 15 bar and remained constant with increasing pressure.

Finally, it is important to note that the results presented here are for the temperature of
273K, and that temperature has an effect on the density of the adsorbed phase as well as on
the critical pressure value that shifts the control of adsorption from surface chemistry to
texture. In this sense, further experiments are being performed to study the shift of this critical

pressure as a function of the working temperature, which has a major effect®®.
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4. Conclusions

In this study, the CO, adsorption capacity of three commercial nanoporous ACs: MSP-
20X, MSC-30 and CW30, either as received or after chemical treatment to incorporate oxygen
and nitrogen, was investigated at pressures ranging from 0.01 to 32 bar at 273K. These series
of ACs were selected for the diversity of their porous structures, with pristine ACs presenting
BET areas ranging from 1736 to 3200 m? g™ and micropore fractions ranging from 40 to 95%.

The following conclusions were drawn:

e The highest nitrogen bulk content, up to 16.5 wt. %, was obtained with materials pre-
oxidized with hydrogen peroxide and then subjected to urea treatment. N- and O- doping
decreased the surface area, probably due to steric hindrance and deformation affecting
supermicropores and mesopores.

e Surface chemistry controls the CO, adsorption process at low pressure. The shift from
surface chemistry-controlled to pore texture-controlled behavior at 5 bar was clearly
evidenced. Future studies are needed to evaluate the effect of temperature on the value of
pressure that switches the control of adsorption from one mode to the other.

e The maximum value of the adsorbed phase density obtained here, 1031 kg m™, is higher
than that of liquid CO, at the temperature of 273K. This maximum was reached in
ultramicropores (pore diameter less than 0.7 nm) at 15 bar and remained constant with

increasing pressure.
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