Materials Today Communications 4 (2015) 156-165

Contents lists available at ScienceDirect

materialstoday

Materials Today Communications

journal homepage: www.elsevier.com/locate/mtcomm

Nitrogen-doped porous carbons for highly selective CO, capture from
flue gases and natural gas upgrading

@ CrossMark

Jun Wang?, Rajamani KrishnaP®, Jiangfeng Yang©, Kodanda Phani Raj Dandamudi?,
Shuguang Deng**
3 Chemical & Materials Engineering Department, New Mexico State University, Las Cruces, NM 88003, USA

b van’t Hoff Institute for Molecular Sciences, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands
¢ Research Institute of Special Chemicals Taiyuan, University of Technology, Taiyuan 030024, Shanxi, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 18 May 2015

Received in revised form 10 June 2015
Accepted 18 June 2015

Available online 30 June 2015

Nitrogen-doped microporous activated carbon adsorbents were synthesized by a self-template method
with KOH as the porogen agent at pyrolysis temperatures of 600, 700, and 800 °C. The carbon adsorbent
samples were characterized with N adsorption at 77 K, X-ray diffraction, scanning electron microscopy,
transmission electron microscopy, thermal gravimetric analysis, Raman spectroscopy, Fourier trans-
formed infrared spectroscopy, and energy-dispersive X-ray spectroscopy mapping. Single component
gas adsorption equilibrium of CO,, CHg4, and N, on the carbon adsorbents were measured at gas pressures
up to 100 kPa and temperatures of 273, 298, and 323 K. Adsorption breakthrough performance of a fixed
bed packed with the carbon adsorbents for separation of CO,/CH4/N, gas mixture was simulated using
the adsorption equilibrium data collected in this work. A high CO, adsorption capacity (6.36 mmol g~!
on N-AC 600 at 100kPa and 273 K) and large selectivites for the separation of CO,/CH4 (9.2), CO2/N;
(47.3) and CH4/N; (3.6) mixtures were achieved with the carbon adsorbents due to their N-containing
groups, narrow pore size distribution, and large specific surface area. The nitrogen-doped porous carbon
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adsorbents look very promising for flue gas treatment and natural gas upgrading applications.

© 2015 Published by Elsevier Ltd.

1. Introduction

CO, emission from flue gases, originating from power plants
burning fossil fuels, contributes significantly to the increase of CO,
concentration in the atmosphere, which is widely believed to result
in the global climate changes. Approximately, 30% of CO, emit-
ted to atmosphere comes from fossil fuel based power plants as a
result of human activity [1]. Typical flue gases contain about 79%
N,, 17% CO, and 4% O, [2]. CO,, in its pure form, is a very use-
ful raw material in industry, such as dry ice, additive in beverages,
and feedstock for biomass cultivation. Therefore, there is a need to
separate the CO, present in flue gases before exhausting into the
atmosphere [3,4]. Natural gas is considered as an alternative and
cleaner energy sources to replace petroleum and coal. The U.S. con-
sumes ~22 trillion scf/yr (standard cubic feet/year), and the whole
world consumes ~95 trillion scf/year [5]. However, the raw natu-
ral gas contains undesired impurities of CO,, N5, and H,0, which
will corrode pipeline and lower the calorific value. The U.S. pipeline
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specification for natural gas requires less than 2% CO, and 4% N,.
However, the raw natural gas could contain up to 18% of CO, and
20% of N5 [6,7]. All raw natural gas requires a pre-treatment, and
~20% needs an extensive treatment, before being delivered to the
pipeline, which makes natural gas upgrading one of the largest gas
separation applications.

Several technologies have been investigated for the CO, cap-
ture and separation, such as membrane [8], cryogenic distillation
[9], amine solutions absorption [10], temperature swing adsorp-
tion (TSA) [11], and pressure swing adsorption [12]. The selectivity
of preferential adsorption of component 1 over component 2 in
a mixture containing 1 and 2, perhaps in the presence of other
components too, can be formally defined as

_N/%0
p1/p2

In above equation, q; and q; are the absolute component load-
ings of the adsorbed phase in the mixture. These component
loadings are also termed the uptake capacities. The main technol-
ogy used in industry for CO, capture is simply the amine solution
absorption by forming the N—C bonded carbamate [13,14]. How-
ever, this technology is very energy intensive primarily because
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Fig. 1. (a) XRD patterns and (b) Raman spectra of N-AC 600, N-AC 700, and N-AC 800.

of the need for solvent regeneration; it also suffers from cor-
rosion and chemical decomposition [10]. Therefore, we need to
find more energy-efficient and environment-friendly alternative
solutions for CO, capture and separation. Among the existing tech-
nologies, adsorption on solid adsorbents is considered a promising
future solution [15]. The key to the success of CO; capture and nat-
ural gas separation by adsorption is to identify porous adsorbent
materials that have a high capacity and large selectivity for CO5/N>,
CH4/CO, and CH4/N, separation.

Synthesis, characterization and evaluation of porous materials
for selective adsorption of CO, are very popular research endeav-
ors in material chemistry, chemical engineering, environmental
science and engineering. Many adsorbents have been applied
in capturing CO, from flue gases and natural gases upgrading,
such as metal-organic frameworks (MOFs) [16,17], hyper-cross-
linked polymers (HCPs) [18,19], conjugated microporous polymers
(CMPs) [20,21], amine-modified mesoporous silicas [22], and acti-
vated carbons (ACs) [23]. Chen et al. reported a highly selective
CO; adsorbent, MOF-508b with an adsorption capacity of 26.0 wt%
at 303K and 4.5 bar [24]. Py-1, which is an aromatic heterocyclic
microporous polymer material, showed high CO,/N, selectivity
about 117 at 273 K [25]. One amine-doped mesocelullar silica foam
(MSF) has been developed with a remarkably high CO, uptake of
45mmolg-! at 248K and 1 bar [26].

Activated carbon has a promising future in industrial application
due to its easy of synthesis, high CO, adsorption capacity, excellent
selectivity, stability, easy to regenerate, and excellent selectivity
over a wide range of operation conditions [27,28]. Nitrogen-doped
carbon adsorbent is on the top in this category because of its
enhanced interactions between CO, and the N-functional groups.
Methodology of decorating carbon with nitrogen could be: (i). using
inherent N-containing precursors; (ii). pretreating precursors with
N-containing additives; (iii). utilizing natural N content in biomass
[29]. Uyama et. al reported activated carbon monoliths (ACMs), fab-
ricated by carbonization of polyacrylonitrile, exhibiting a high CO,
uptake of 5.14mmolg~! under ambient conditions [30]. NC900,
derived from ZIF-8 with NH40H as the secondary nitrogen sources,
showed a high CO, capacity of 5.1 mmol g~! at 273 Kand 1 bar [31].
Chitosan derived N-doped microporous carbons demonstrated an
excellent CO, uptake performance of 3.86 mmolg-! at 298K and
1atm, in addition, an extraordinary CO,/N, separation selectivity
of 21 was also observed [32].

Polymer template N-doped activated carbon adsorbents are
desirable and favorable, because of avoiding extra reaction and
efficient doping. In 2012, Chandra et al. [33] demonstrated that
a N-doped carbon that was prepared by chemical activation
of polypyrole has exhibited a high CO, adsorption capacity of

4.3mmolg-! at 298K and 1 atm. An ordered N-doped mesoporous
carbon prepared through a direct self-assembly of resorcinol-
melamine-formaldehyde and F127 has shown an improved CO,
adsorption of 4.6 mmolg-! at 273K [34]. A N-doped hierarchical
micro-mesopore structure carbon was obtained through a pyrol-
ysis of a porous polymer prepared from terephalaldehyde and
melamine, and displayed a CO, capacity of 6.3 mmolg-! at 298 K
and excellent CO,/N, separation selectivity of 32 [35]. However,
this method has several drawbacks such as relatively high cost for
the pure chemicals used in the synthesis process, use of hazardous
organic solvent, and difficulty in scaling up.The object of this work
is to develop a serial of novel self-template N-decorated activated
carbons as adsorbents for CO, capture and natural gas upgrading.
Three pyrolysis temperatures (873,973, and 1073 K) and one poro-
gen agent (KOH) were applied and compared. The significance of
N-content has been discussed in improving CO, uptake ability and
CO3/N,, CO,/CHy4, and CH4/N, selectivities.

2. Experimental
2.1. Preparation of N-ACs

To synthesize the precursor, 3 g of terephthalaldehyde (TTD)
was dispersed in 50 mL dichlorideethane (DCE) at a room temper-
ature under sonication. 8 g of ethylenediamine (EDA) dissolved in
50 mL DCE was added to this solution. 5 g of formic acid was added
as a catalyst. The resulting solution was stirred and allowed to poly-
merize for 24 h at 100°C. Then raised the temperature to 170 °C, let
the polymerization conduct for another 2 days. The resulting poly-
mer is poly(2-phenyl-1,3,6,8-tetraazacyclodecane). The schematic
representation of this N-containing network is shown in Fig. S1.
After the polymerization, 100 mL methanol was added, and the
final mixture was filtered. The obtained yellow precipitate was
washed with 500 mL methanol and 500 mL deionized (DI) water.
The precipitate was then resuspended in 100 mL 1 M HCI at a room
temperature for 3 h. The solution was filtered. The precipitate was
washed with DI water until a neutral pH was observed. Finally, the
polymer material was dried at 80°C for 24 h under a vacuum.

The chemical activation of the nitrogen-doped samples was car-
ried out using 1:2 ratio of precursor and potassium hydroxide.
Typically, 1.5 g polymer material and 3 g of KOH were added to a
molar, and then, ground to produce a uniform light yellow powder.
Pyrolysis was carried out by heating the mixture for 1h in a tube
furnace in an nitrogen atmosphere at three different temperatures
(600, 700, and 800°C). The heating rate is 3 °C/min. After activa-
tion the carbon product was washed with 8% HCI, then, washed
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with 500 mL DI water until a neutral pH was observed. The final
precipitate was dried under a vacuum at 80°C for 24 h.

2.2. X-ray diffraction (XRD)

The XRD pattern was recorded using a Rigaku Miniflex-II X-ray
diffractometer with Cu Ko (A=1.5406A) radiation, 30kV/15mA
current, and kp-filter. A step scan with an increment of 0.02° in
20 and a scan rate of 1°/min was employed to obtain the high-
resolution patterns.

2.3. Fourier transformed infrared (FT-IR)

FT-IR spectra were recorded with a PerkinElmer FT-IR/NIR Spec-
trum 400 using the attenuated total reflectance method (ATR). The
spectrum was generated, collected 4 times, and corrected for back-
ground noise. Experiments were done on the powder samples.

2.4. Scanning electron microscopy (SEM) & energy dispersive
X-ray spectroscopy (EDS)

SEM images and EDS mapping of the materials were taken using
SEM S-3400NII equipped with energy-dispersive X-ray analysis
(EDS).

2.5. Transmission electron microscopy (TEM)

TEM images were taken by Hitachi H-7650. Raman spectra:
Raman spectra were collected using Reinshaw Raman microscope
with 632.8 nm (1.96 eV) laser excitation.

2.6. Thermal analysis

Thermogravimetric curves were collected in a PerkinElmer Pyris
[ thermogravimetric analyzer. The samples (initial or exhausted)
were exposed to an increase in temperature of 10°C/min from 25
to 900°C under a flow of nitrogen held at 100 mL/min.

2.7. CHNO element analysis

Ultimate Analysis of the carbon samples was performed using
an Elemental Analyzer (PE 2400 Series II CHNS/O Analyzer). All
the samples were dried to ensure the sample is completely free of
water. A sample of 5+ 1.0 mg was used for measuring the elemen-
tal compositions during the analysis. Oxygen values for the samples
are calculated by difference 0% =100 — (C+H+N+S)%.

2.8. Adsorption isotherm measurements

The pure component adsorption isotherms of CO,, CHy, and N,
at three temperatures (273, 298, and 323 K) and gas pressure up
to 800 mmHg were measured volumetrically in the Micromeritics
ASAP 2020 adsorption apparatus. All temperatures were achieved
by using a dewar with a circulating jacket connected to a ther-
mostatic bath with a precision of +0.01°C. The degas procedure
was repeated in all samples before measurements at 250°C for
24 h. Ultrahigh purity grade CO,, CHy, N3, and He from Matheson
Co., were used as received. BET (Brunauer-Emmett-Teller) surface
area was calculated between 0.05-0.3 relative pressure and pore
size distributions were calculated using NLDFT (Non-Local Den-
sity Functional Theory) from N, adsorption-desorption isotherms
measured at 77 K.

3. Results and discussion
3.1. Material synthesis and characterization

Three nitrogen-doped porous carbon samples N-AC 600, N-AC
700, and N-AC 800 were synthesized at pyrolysis temperatures of
600, 700 and 800C, respectively. The crystallographic structure and
molecular morphology of these samples were investigated by XRD
and Raman spectroscopy, and the experimental results are shown
in Fig. 1. As Fig. 1a shows, XRD patterns of N-AC 600, N-AC 700, and
N-AC 800 exhibit one broad diffraction peak centered at around
20 of 16°, contributed to the (002) crystal planes of graphitic car-
bon. We can find that the (002) peak centered at 26 of 16° shifts
to a lower and lower angle, for N-AC 600, N-AC 700, and N-AC 800,
respectively. The intensity of the peak is weak and faintly broad-
ened for N-AC 700 and N-AC 800, compared to that of N-AC 600.
This phenomenon reveals a decreased degree of graphitization and
crystallinity due to the existence in more graphene fragments and
defects on carbon materials with activation temperature increasing
[36,37].

The defective nature of nitrogen-doped carbons synthesized at
high temperatures can be confirmed by Raman spectra (Fig. 1b).
As shown in Fig. 1b, two peaks broad bands at around 1358 and
1588 cm™! can be observed, which correspond to the D and G bands
of the carbon, respectively. The D band corresponds to the breath
modes of rings or k-point phonons of A1 g symmetry, while the G
band represents the in-plane bond-stretching motion of the pairs of
Csp2 atoms (the E2 g phonons) [38,39]. The intensity ratio between
D and G bands (Ip/Ig) could exactly reflect the degree of graphitic of
carbon materials. The intensity ratio is 0.56, 0.87, and 0.95 for N-AC
600, N-AC 700, and N-AC 800, respectively. The increasing values
indicate that N-AC 800 possesses the most defective nature and
lowest graphitized degree. This could be attributed to the higher
porous and disordered structure caused by a higher activated tem-
perature, which is consistent with the XRD results. FT-IR spectra of
all three samples were scanned 4 times at a resolution of 1cm™1.
As shown in Fig. S2, the bands that appear at approximately 1615,
2820, 2870, and 3400cm~! are contributed to plane N—H bend-
ing, aldehydes breathing, methyl stretching, and O-H stretching,
respectively. We also noticed that C=0 stretching is barely shown in
N-AC 800. All carbon samples showed a N-H stretching, indicating
that N was introduced into the carbon samples successfully.

The SEM images are shown in Fig. 2. The SEM images of N-AC
600 (Fig. 2a), N-AC 700 (Fig. 2b), and N-AC 800 (Fig. 2¢) show the
formation of a typical porous carbon structure. The porous sur-
face of N-AC 600, N-AC 700, and N-AC 800 could be seen by the
presence of holes on the carbon surface after the KOH activation.
The energy-dispersive X-ray spectroscopy (EDS) mapping study of
three carbon samples is shown in Fig. 2. A uniform distribution of N
on the surface was observed. This result shows that N has been suc-
cessfully doped into these activated materials. From Fig. 2e to g, we
can find that there are obvious quantitative differences among N-
AC 600, N-AC 700, and N-AC 800. The N content decreases with the
pyrolysis temperature. Form the transmission electron microscopy
(TEM) figures (Fig. 3), apparent oriented multilayer domains and a
fewindistinguishable grapheme sheets stacked in parallel positions
were observed in all nitrogen-doped carbon samples. Arranged
structure with uniform pores was also clearly observed, implying
that nitrogen-doped carbons possess a well ordered 2D hexagonal
microstructure with 1D channels. The thermogravimetric analysis
(TGA) curves of the three carbon samples are shown in Fig. S3. It
needs to be noted that the N-AC samples is stable up to 350°C in
nitrogen; which is significantly more stable than MOFs and POFs
[40,41].
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Fig. 2. SEM images of (a) N-AC 600, (b) N-AC 700, (c) N-AC 800, (d) N-AC 600 EDS mapping for N, (e) N-AC 700 EDS mapping for N, (f) N-AC 800 EDS mapping for N.

Fig. 3. TEM images of (a) N-AC 600, (b) N-AC 700, and (c) N-AC 800.
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3.2. Pore sizes and pore volumes

To determine the pore textural properties of these carbon
samples, nitrogen adsorption and desorption isotherms on all
three samples at 77K, as shown in Fig. 4, were measured. The

N, isotherms of all three samples display a typical type I shape
according to IUPAC classification [42]. The steep adsorption at low
pressures indicates that the nitrogen-doped carbons have a pre-
dominant microporous structure (<2 nm), which is clearly shown in
pore size distribution in Fig. 4b. The micropore size distribution and
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pore volume were calculated by the Non-Localized Density Func-
tional Theory (NLDFT) method. The median pore size of N-AC 600
is the smallest among three adsorbents. The median pore size is
0.7,0.9, and 1.2 nm for N-AC 600, N-AC 700, and N-AC 800, respec-
tively. A lot of efforts have been made to increase CO, capacity
under 1atm, for example, increasing BET surface area [43], mod-
ifying pore structure [44], and doping functional groups [45,46].
The largest BET surface area we obtained was 2146 m2 g~! for N-
AC 700, and 1629 and 1934m?2g-! for N-AC 600 and N-AC 800,
respectively. This result is comparable with the reported values for
recently investigated ordered mesoporous carbons [7].

3.3. Adsorption isotherms of CO,, CHy, and N,

As shown in Fig. 5 and Fig. S4, the adsorption isotherms of
CO,, Ny, and CH4 were measured at three different tempera-
tures (273, 298, and 323K) and gas pressures up to 1bar. All
isotherms show excellent reversibility without any hysteresis, indi-
cating that the adsorbed molecules can be easily desorbed under
a vacuum in the desorption step. Thus, the nitrogen-doped porous
carbon adsorbents can be easily regenerated without any additional
thermal energy input, which makes the nitrogen-doped porous
carbon adsorbents energy efficient for industrial applications. All
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adsorption isotherms were fitted by Langmuir-Freundlich model,
the detailed calculations and equation parameters are summa-
rized in Supporting Material (Tables S1-S3). It is clear that the
nitrogen-doped porous carbon adsorbents adsorb CO, much more
than N, and CHy, because of its higher quadrupole moment and
polarizability. CHy is preferentially adsorbed over N, because the
polarizability of CH4 is higher than that of N, [47,48]. The high-
est CO, capacity at 100kPa is obtained by N-AC 600, which is
6.36 and 4.11 mmol g~ at 273 and 298 K, respectively. These val-
ues are much higher than other well-known carbon adsorbents
rerpoted in the literature, such as SOMC (~2.0mmolg~1) [7], VR5
(~3.8mmolg-1) [49], and commercial AC (~0.9mmolg-1) [50]
at 298K and 100 kPa. They are also comparable with other high
quality functionally doped activated carbons, such as S-doped acti-
vated carbon (~4.5mmolg~') [51] and N-doped activated carbon
(~43mmolg-1) [14] at 298K and 100kPa. The capacity is also
superior to other adsorbents, such as MOFs [52-54], HCPs [55,56]
and PAFs [57]. The nitrogen-doped porous carbon adsorbents show
a high CH,4 adsorption capacity as well (2.1 and 1.3 mmolg~! on
N-AC 600 at 273 and 298K, respectively, at the100kPa). These
values are higher than the CH4 adsorption capacity of other
adsorbents including zeolite 5A (~0.8 mmolg~1) [58] and ZIF-68
(~0.5mmol g=1) [59]. In flue gas CO2 capture applications, which
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(a)COz/CH4, (b)CH4/N2, and (C) COz/Nz.

typically contains less than 15% CO2, thus, the adsorption capac-
ity at low pressure (~0.15bar) is critical to evaluate adsorbents.
A very high CO2 uptake (1.35mmolg-!) is obtained on N-600
at 298K and 0.15bar. A lower CO, uptake (0.94mmolg~! and
0.45mmolg-1) is observed on N-700 and N-800, respectively,
under the same condition. Compared with other recently reported
adsorbents the result is still outstanding, such as, the S-containing
activated carbon (1.3mmolg=!) [51] and N-containing activated
carbon (1.2 mmolg=1) [14].

In order to investigate the factors on CO, adsorption, we cor-
relate N-content and microporous volume percentage versus CO,
uptake shown in Fig. 6. The effect of N-content on CO, adsorption
equilibrium is shown in Fig. 6a. A good linear correlation (R > 0.99)
was obtained between CO, capacity and N-content, which clearly
demonstrate the efficacy of preserving more N-containing group
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on activated samples for enhancing their affinity for adsorbing CO,.
The impact of micropore volume on CO, capacity is also explored
as shown in Fig. 6b. Excellent linear correlation (R%=0.98) was
observed, which means micropore volume and CO, uptake are
strongly associated. It is noteworthy that, actually, micropores are
the dominant in determining CO, capture ability rather than meso-
and macropores. It is reasonable to conclude that N-content and
micropore structure are both important to CO, capture perfor-
mances.

In terms of practical applications, the adsorbents are required
to give repeatable CO, adsorption capacities in multiple regenera-
tion cycles. Thus, we measured extra five CO, adsorption cycles at
298K for all three samples. As shown in Fig. 7, adsorption capaci-
ties for five runs are nearly identical for each sample respectively.
This suggests that those adsorbents are pretty stable and are able
to reuse.

3.4. Isosteric heat of adsorption

Besides the adsorption isotherms, the isosteric heat of
adsorption was also commonly used to analyze the interaction
relationship. The isosteric heat of adsorption, Qs;, defined as

Qst=RT2( )
q

were determined using the pure component isotherm fits using
the Clausius-Clapeyron equation, where Qst (kJ/mol) is the isos-
teric heat of adsorption, T (K) is the temperature, p (kPa) is the
pressure, R is the gas constant. The values of Qs for CO,, CHy, and
N, are provided in Table S4 in each of three carbon samples. Fig. 8

dlnp
aT

presents a comparison of the isosteric heats of adsorption of CO, in
N-AC 600, N-AC 700, and N-AC 800 with data from the published
literature for NaX zeolite [60], MgMOF-74 [60], Cu-TDPAT [61], and
NiMOF-74 [62,63]. Also, the adsorption heat decreases with the
carbon activation temperature, indicating that more N-containing
group is removed at higher temperatures. This can be confirmed by
the EDS mapping images shown in Fig. 2. We note the Qs; values
of CO, in the nitrogen-doped carbons are significantly lower than
that of NaX zeolite and also MOFs such as MgMOF-74, NiMOF-74,
and Cu-TDPAT. This implies that the cost of regeneration with N-
ACs will be significantly lower than that of other materials. This
is an important advantage in favor of nitrogen-doped carbons in
industrial applications.

3.5. Separation of binary mixtures

The selectivity is a very critical parameter in selecting suitable
adsorbents. In all the calculations to be presented below, the cal-
culations of q; and g, are based on the use of the Ideal Adsorbed
Solution Theory (IAST) of Myers and Prausnitz [64]. The accuracy of
the IAST calculations for estimation of the component loadings for
several binary mixtures in a wide variety of zeolites and MOFs has
been established by comparison with Configurational-Bias Monte
Carlo (CBMC) simulations of mixture adsorption [65-67]. Further
details are provided in Supporting material.

Fig. 9 presents the values of the adsorption selectivity for
equimolar binary CO,/CH4, CO5 /N5, and CH4/N> gas mixtures main-
tained at isothermal conditions at 298 K in N-AC 600, N-AC 700,
and N-AC 800. For CO,/CH4 and CO,/N, mixtures, the highest
adsorption selectivities are obtained with N-AC 600 of 9.2 and
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47.3 at 100 kPa, respectively. The CO, /N, selectivity is significantly
higher than other adsorbents, such as, ordered mesoporous car-
bon (~11.33) [7], MIL-47(v) (~9) [68], and N-doped hierarchical
carbons (~8.4) [69] at 298 K and 100 kPa, which strongly suggests
that the nitrogen-doped carbon adsorbent (N-AC 600) is a better
adsorbent for capturing CO, from flue gas. N-AC 600 displayed a
CO,/CH4 selectivity of 9.2 at 298 K and 100 kPa, this value is bet-
ter than the most existing adsorbents at a similar condition, such
as, silicalite-1 (~2.6) [70], SBA-15 (~5.5) [71], and MCM-41 (~5.5)
[72]. For CH4/N, gas mixtures, the adsorption selectivities of N-
AC 600 and N-AC 700 are nearly the same, and higher than that
of N-AC 800. At 298K and 100kPa, a CH4/N, selectivity of 3.6 is
obtained, which is higher than IRMOF-1 (~2) [73] and ZIF-69 (~3)
[68]. Those comparisons indicate the nitrogen-doped carbons are
promising adsorbents in flue gas and natural gas processing.

3.6. Transient breakthrough simulations

To demonstrate a potential application of these carbon adsor-
bents for gas separation, a breakthrough simulation with the
nitrogen-doped adsorbents was conducted. Separations using
porous adsorbents are usually conducted in the fixed bed units;
in such cases the separation performance is dictated by a combi-
nation of adsorption selectivity and uptake capacity. For a proper
evaluation of the performance of fixed bed adsorbers it is neces-
sary to carry out transient breakthrough simulations as described
in the literature [74,75]. We therefore, performed transient break-
through simulations for separation of CO,/CH4/N; gas mixtures
on N-ACs. The methodology details and movies using the adsorp-
tion cycle isotherms fits are provided in Supplementary material;
the methodology used has been verified to be of good accu-
racy [74,76]. In this study, the simulation parameters are bed
length (L=1.8m), voidage of bed (€ =0.5), superficial gas velocity
(u=0.05m/s),and interstitial velocity (v=0.1 m/s). Fig. 10 compares
CO,/CH4/N, mixture breakthrough characteristics as a function of
the dimensionless time, T = {—‘6' For all three N-ACs the sequence of
breakthroughs is N, CHy4, and CO,, this is dictated by the hierarchy
of adsorption strengths. CO, molecules are strongly adsorbed by N-
ACs, which elutes last in the sequence. The longest retention time
obtained on N-AC 600 and this material has the best separation
performance due to its highest CO, capacity and highest CO,/N,
and CO,/CH4 adsorption selectivities. We noted that there is a time
interval that we can get pure CHy4 or N, using N-ACs. We compare
N-ACs with ZIF-7 using breakthrough simulation under the same
condition. The CO, and CH4 adsorption data of ZIF-7 are from one
recently published paper by our group [77], the N, adsorption is
obtained from US Patent [78]. The simulation curves are summa-
rized in Fig. 10. According to Fig. 10d, the retention time of CO; on
ZIF-7 is much shorter than N-ACs. This indicates the time inter-
val to separate CO,/CH4 and CO;/N, is shorter than N-ACs. The
CH4/N, separation time is even shorter, we almost can’t separate
them efficiently. As a result, the nitrogen-doped porous carbons
have a higher equilibrium separation ability of CO,/CH4/N, than
ZIF-7.

4. Conclusion

Three highly porous nitrogen-doped carbon adsorbents have
been synthesized successfully with KOH as the porogen agent at
600, 700, and 800°C, respectively. The largest BET specific surface
area of these carbons is 2146 m2 g~! obtained on N-AC 700. Overall,
the best adsorbent among these three carbons is N-AC 600 that has
the highest CO, adsorption capacity of 6.36 and 4.11 mmolg-! at
100 kPa and 273 and 298 K, respectively. Moreover, CO, /N, adsorp-
tion selectivity N-AC 600 is much larger than other adsorbents

for CO, capture in flue gas. Potential applications of these carbon
adsorbents for CO, capture in flue gas and natural gas upgrading
is demonstrated by adsorption breakthrough simulation calcula-
tions. The high CO, adsorption capacity, large separation selectivity
and low isosteric heats of adsorption make these nitrogen-doped
adsorbents very promising for CO, capture in flue gas and natural
gas upgrade.

Supporting materials

A supporting document presenting additional experimental
data and simulation method, and a movie showing the simulated
gas concentration profiles inside a column packed with N-AC 600
during an adsorption breakthrough run are uploaded.
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Figure S1. Schematic representation of the N-containing network structure.
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Figure S2. FT-IR spectra of N-ACs.
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Figure S3. Thermogravimetric analysis of N-ACs.
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Fitting of pure component isotherms

The experimentally measured loadings for (a) CO,, (b) CHy, and (c) N, were measured
as a function of the absolute pressure at three different temperatures 273 K, 298 K, and
323 K.

The isotherm data for CO, were fitted with the Langmuir-Freundlich model

bp
9= 7 (1)
1+bp
with 7-dependent parameter b
E
b=>b,exp| — 2
0 p( RT} 2)
The Langmuir-Freundlich parameters for adsorption of CO, are provided in Table 1 for
N-AC 600, N-AC 700, and N-AC 800.
The simpler single-site Langmuir model
bp E
q q.sat 1+bp 0 Xp(RTj ( )

was adequate for fitting the isotherm data for CH4 and N;; Table 2 and Table 3 provides
the 7-dependent Langmuir parameters for N-AC 600, N-AC 700, and N-AC 800 for CHy

and N, respectively



qsat bo E v
mol kg! Pa~" k) mol™ dimensionless
N-AC 600 25 4.49x10” 14.9 0.6
N-AC 700 21.4 3.29x10° 17.1 0.75
N-AC 800 13.3 4.22x10” 18.1 0.9

Table S5. Langmuir-Freundlich parameters for adsorption of CO, in different AC.

qsat bo E
mol kg! Pa”! k) mol™
N-AC 600 4.9 2.28x10° 18.2
N-AC 700 5.4 2.73x10° 17.4
N-AC 800 4.9 1.84x10° 17.7

Table S6. 1-site Langmuir parameters for CHy4 in different AC.




gsat bo E
mol kg! Pa’! k) mol™
N-AC 600 2.9 2.58x10° 16.2
N-AC 700 42 2.91x10° 14.8
N-AC 800 3.6 2.3x107 15
Table S7. 1-site Langmuir parameters for N, in different AC.
Qq, CO, Qq, CHy Qq, N
kJ mol™ kJ mol™ kJ mol™
N-AC 600 24.8 18.2 16.2
N-AC 700 22.8 17.4 14.8
N-AC 800 20.1 17.7 15

Table S8. Isosteric heats of adsorption of CO,, CH4 and N; in different AC.




TAST calculations

The adsorption selectivity for the mixtures CH4/N, and CO,/CH4 defined by

_ /9,
/P,

ads

were calculated according to IAST model proposed by Myers [1,2.3]. In above
equation, ¢g; and ¢, are the absolute component loadings of the adsorbed phase in the

mixture. These component loadings are also termed the uptake capacities.

Simulation methodology for transient breakthrough in fixed bed adsorbers

The separation of CO,/CHy4, CO,/N,, and CH4/N; mixtures is commonly carried out in
fixed bed adsorbers in which the separation performance is dictated by a combination of
three separate factors: (a) adsorption selectivity, (b) uptake capacity, and (c) intra-
crystalline diffusivities of guest molecules within the pores. Transient breakthrough
simulations are required for a proper evaluation of microporous materials; the simulation
methodology used in our work is described in earlier publications [4,5]. A brief summary
of the simulation methodology is presented below.

Assuming plug flow of an n-component gas mixture through a fixed bed maintained
under isothermal conditions (see schematic in Figure Error! Reference source not
found.), the partial pressures in the gas phase at any position and instant of time are
obtained by solving the following set of partial differential equations for each of the
species i in the gas mixture [6].

1 bws) 1 b w) (-8) datn)
RT o RT ok £ a

(1)



In equation (1), ¢ is the time, z is the distance along the adsorber, p is the framework
density, € is the bed voidage, v is the interstitial gas velocity, and 5,. (t,z) is the spatially

averaged molar loading within the crystallites of radius 7, monitored at position z, and at
time ¢.

At any time ¢, during the transient approach to thermodynamic equilibrium, the
spatially averaged molar loading within the crystallite 7. is obtained by integration of the

radial loading profile
7)== [ a0y dr
q; rc3 , 4i\7

For transient unary uptake within a crystal at any position and time with the fixed bed,
the radial distribution of molar loadings, gi, within a spherical crystallite, of radius 7, is

obtained from a solution of a set of differential equations describing the uptake

aqi(r,t): 11 E)(erA)

ot pr:or

The molar flux N; of component i is described by the simplified version of the
Maxwell-Stefan equations in which both correlation effects and thermodynamic coupling

effects are considered to be of negligible importance [ 5]

a4,
N, =—pb, —
1 p 1 a”'

Summing equation (2) over all n species in the mixture allows calculation of the fotal

average molar loading of the mixture within the crystallite

4,62)=24,(t.2)

(2)

€)

(4)

)



The interstitial gas velocity is related to the superficial gas velocity by

u
v=—

In industrial practice, the most common operation uses a step-wise input of mixtures to
be separated into an adsorber bed that is initially free of adsorbates, i.e. we have the

initial condition
t=0; ¢,(0,2)=0

At time, ¢ = 0, the inlet to the adsorber, z = 0, is subjected to a step input of the n-
component gas mixture and this step input is maintained till the end of the adsorption

cycle when steady-state conditions are reached.
(20, p,(0.0)=p,; u(0,0)=u,

where uy is the superficial gas velocity at the inlet to the adsorber.

The breakthrough characteristics for any component is essentially dictated by two sets

L . L Le .
of parameters: (a) The characteristic contact time —=— between the crystallites and
v oou

D.
the surrounding fluid phase, and (b) —-, that reflect the importance of intra-crystalline
v

c

diffusion limitations. It is common to use the dimensionless time, 7 = T’ obtained by
£

g . L Le . .
dividing the actual time, ¢, by the characteristic time, — when plotting simulated
u

breakthrough curves [4].
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(6)

(7)

(8)



D, . : . .
If the value of —- is large enough to ensure that intra-crystalline gradients are absent

and the entire crystallite particle can be considered to be in thermodynamic equilibrium

with the surrounding bulk gas phase at that time ¢, and position z of the adsorber

q,(t,2)=q,(t,2)

The molar loadings at the outer surface of the crystallites, i.e. at » = r, are calculated
on the basis of adsorption equilibrium with the bulk gas phase partial pressures p; at that
position z and time ¢. The adsorption equilibrium can be calculated on the basis of the
IAST. The assumption of thermodynamic equilibrium at every position z, and any time ¢,
i.e. invoking Equation (5), generally results in sharp breakthroughs for each component.
Sharp breakthroughs are desirable in practice because this would result in high
productivity of pure products. Essentially, the influence of intra-crystalline diffusion is to
reduce the productivity of pure gases. For all the breakthrough calculations reported in
this work, we assume negligible diffusion resistances for all materials and we invoke the

simplified Equation (5).
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Notation

Ci

Cio

pi

Pt

q,(t)
Qs

re

v

Greek letters
£

P

Langmuir-Freundlich constant for species i at adsorption site A, P a™
molar concentration of species i in gas mixture, mol m™

molar concentration of species i in gas mixture at inlet to adsorber, molm™
energy parameter, J mol™

length of packed bed adsorber, m

molar flux of species i, mol m™ s

partial pressure of species i in mixture, Pa

total system pressure, Pa

component molar loading of species i, mol kg
spatially averaged component molar loading of species i, mol kg™

isosteric heat of adsorption, J mol™

radius of crystallite, m

gas constant, 8.314 J mol” K!

time, s

absolute temperature, K

superficial gas velocity in packed bed, m s™

interstitial gas velocity in packed bed, m s™

voidage of packed bed, dimensionless
framework density, kg m™

time, dimensionless
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