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A controllable and facile one-pot method for synthesizing N-doped activated carbons (NACs) with
a considerable amount of N by using a nitrogen-rich polymer precursor as both the nitrogen source and
self-template is reported. The obtained NACs are promising solid adsorbents for light hydrocarbon
separations with tunable microstructures. Particularly, NACs with a narrow pore size distribution (ca. 2.6—
3.8 nm), high specific surface area (ca. 1628.9-2146.1 m? g%, and high heteroatom content (ca. 3.6
wit%) exhibited excellent hydrocarbon uptake capacities (ca. C2 7.59 mmol gt and C3 11.77 mmol g™4).
Remarkably, NACs also showed unprecedented C3/C2/C1 separation selectivity (ca. C2/C1 65.7 and C3/
C1 501.9) at 298 K and 1.0 bar, which is one of the highest so far reported for benchmark adsorbents,
according to the ideal adsorbed solution theory (IAST). Combined with its simple preparation, high
adsorption capacity, and excellent light hydrocarbon selectivity, the sample NAC 700 is a potent and
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1 Introduction

Light hydrocarbons are very important alternative energy
sources and raw chemicals. Therefore, it is urgent to develop
materials and methods for efficient separation and purification
of light hydrocarbon mixtures. Among the feasible fossil ener-
gies, natural gas, which comprises primarily methane and
varying amounts of impurities, such as CO,, H,0, C,H,, C3Hs,
etc., is regarded as a promising alternative fuel because it is
naturally abundant and environmentally friendly compared to
controversial petrol and diesel.' Moreover, hydrocarbons are
important raw chemical materials for manufacturing major
industrial polymers, such as polyethylene, polypropylene,
polyester, and polystyrene. However, C1 to C3 light hydrocar-
bons, CH,, C,H,, C,H,, C,H,, C3Hg, and C3;Hg, are found mixed
in natural gases or petroleum products. Therefore, it is essential
to separate such light hydrocarbons to fully utilize them. The
traditional separation and purification of these feedstocks are
carried out by the cryogenic distillation method, which is not
only very energy intensive but also requires harsh operating
conditions, such as high pressure and low temperature. Hence,
exploiting more energy-efficient technologies is highly
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promising solid-state adsorbent for light hydrocarbon separation.

desirable. Among many new developed technologies, pressure
swing adsorption (PSA) is a low-cost and energy-saving method.

The first-generation adsorbents considered for light hydro-
carbon separation are zeolites;> however, these zeolites possess
an average kinetic diameter of 8-10 A, which is larger than the
molecular size of hydrocarbons, resulting in inferior separation
performance.® Therefore, other porous materials have been
investigated for hydrocarbon separations including molecular
sieves® and porous coordination polymers (PCPs),® and achieved
better performance. Very recently, a new adsorbent synthesis
approach has been developed to enhance gas adsorption
capacity and separation selectivity by tailoring surface chem-
istry, tuning the pore size and shape, and utilizing structural
flexibility.® Amongst porous materials, metal-organic frame-
works (MOFs) have been employed as a novel class of design-
able adsorbents and have attracted extensive research interest
in hydrocarbon separation.” The potential of MOFs has been
well established for a variety of light hydrocarbon separations,
such as C,H,/C,H,4,® C,H,/C,H,,° CH,/C,H,/C,H,/C,Hg,”** and
CH,/C,H,/C,H,/C,H¢/C;Hg mixtures.”*** However, MOFs are
relatively expensive to manufacture and unstable under certain
operating conditions. In contrast, microporous activated
carbons (MACs) have been considered as very promising
materials, due to their low fabrication cost, inertness to mois-
ture, and high adsorption capacity. MACs are usually exploited
for selective adsorption of CO, over CH,' N, and H,."
However there are very limited published studies on MACs
compared to MOFs for light hydrocarbon separation. Until most
recently, algae-derived carbons have been explored to separate
C,He/CH, with a moderate C2 capacity and selectivity.” In line
with this, we have designed and prepared a novel class of
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nitrogen-doped MACs for the selective separation of light
hydrocarbons (C1-C3).

Separating CH, from other hydrocarbons is comparatively
easier, due to its smaller molecular size and non-polarity. The
weaker interaction force between CH, and adsorbents makes
selective adsorption separation possible, whereas separations of
C,H,/C,H,, C,H,/C,Hg, and C;Hg/C3Hg are much more difficult,
because these molecules have very similar molecular sizes and
other properties.'® It is even more challenging to separate C1/C2
and C1/C2/C3 mixtures."”

In this study, a series of nitrogen-doped hierarchical
microporous carbons (NACs) were prepared from a nitrogen-
rich polymer precursor followed by KOH activation. The light
hydrocarbon separation and storage ability of NACs were
investigated based on inspection of their pure-component
adsorption isotherms. Pre-doped nitrogen functionalization is
preserved to enhance the molecular adsorption capacity and
selectivity. Additionally, we demonstrated that the NACs could
be utilized as potent adsorbents for light hydrocarbon selective
adsorption. Furthermore, breakthrough simulation, pulse
chromatographic simulation, isosteric adsorption heat, and
IAST selectivity were conducted, calculated and presented
properly on equimolar 4- and 6-component mixtures, which
strongly support our conclusion as well.

2 Experimental section
Adsorbent sample preparation

In a typical synthesis run, terephthalaldehyde (TTD) (3 g) was
dispersed in 50 mL dichloroethane (DCE) at room temperature
using sonication. Ethylenediamine (EDA) (8 g) 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 polymerize for 24 hours at 100 °C and 48 hours at
170 °C. After cooling to room temperature, insoluble solids were
removed by filtration, and washed several times with methanol
and deionized (DI) water. The precipitate was then re-
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suspended in 100 mL 1 M HCI at room temperature for 3 h. The
solution was filtered and the precipitate was washed with DI
water until neutral pH was obtained. Finally, the yellow solid
products were dried at 80 °C under vacuum for 24 h.

The chemical activation of NACs was carried out usinga 1 : 2
ratio of the precursor to potassium hydroxide (KOH). Typically,
1.5 g polymer material and 3 g of KOH were mixed and ground
to produce a uniform powder. The mixture in an alumina boat
was placed in a horizontal furnace under a nitrogen flow
(100 mL min™") and heated (3 °C min~') to temperatures
ranging from 600 to 800 °C and held for 1 hour. After cooling in
nitrogen flow, the obtained carbon material was washed with
8% HCI and DI water until neutral pH was observed, and dried
under vacuum at 80 °C for 24 h. The resulting N-doped carbons
were designated as NAC x, where x is the carbonization
temperature (°C). The schematic illustration of the synthesis
process is presented in Fig. S1.f

Characterization

NACs were characterized using small-angle X-ray diffraction
(SXRD) (Bruker AXS D8 diffractometer with Cu Ka radiation at
40 kv high tension), scanning electron microscopy (SEM)
(NOVA 200 Nanolab SEM at 10 kV equipped with energy-
dispersive X-ray analysis), high resolution transmission electron
microscopy (HR-TEM) (JOEL 2010F at 200 kV), X-ray photo-
electron spectroscopy (XPS) (VG ESCALAB 220i-XL with an Al Ko
anode), Brunauer-Emmett-Teller (BET) surface area analysis
(Micromeritics ASAP 2020 adsorption apparatus), Raman spec-
troscopy (Renishaw Raman microscope with 532 nm, 50 mW
laser excitation), thermal gravimetric analysis (TGA) (Perki-
nElmer Thermogravimetric Analyzer), and ultimate analysis (PE
2400 Series I CHNS/O Analyzer).

Adsorption isotherm measurements

The pure component adsorption isotherms of CH,, C,H,,
C,H,, C,H,, C3Hg, and C;Hg at three temperatures (273, 298,

Fig. 1 SEM images of (a) NAC 600, (b) NAC 700, (c) NAC 800 at the 20 um scale, and (d) NAC 800 at the 5 pm scale.
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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 thermostatic bath with
a precision of £0.01 °C. The degassing procedure was repeated
in all samples before measurements at 250 °C for 24 h.
Ultrahigh purity grade CH,, C,H,, C,H,, C,Hs, C3Hg, and
C3Hg, and He from Matheson Co. were used as received. The
Brunauer-Emmett-Teller (BET) surface area was calculated
between 0.05 and 0.3 relative pressure and pore size distri-
butions were calculated using Non-Local Density Functional
Theory (NLDFT) from N, adsorption-desorption isotherms
measured at 77 K.

View Article Online
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3 Results and discussion
Structure and surface texture properties

The SEM images of NACs, shown in Fig. 1, clearly demonstrated
a typical hierarchical surface and numerous holes (with diam-
eters about 5 um) in a honeycomb shape. These irregular
cottony holes were surrounded by contracted and twisted walls.
The aggregation of carbon particles in the form of blocks 30 to
50 pm in size was observed. It must be pointed out that carbon
sheet existed at higher annealing temperatures (Fig. 1c and d).
This phenomenon is further confirmed by the HR-TEM images
(Fig. 2), revealing that the particles are composed of stacked
carbon sheets. It is observed in experiments that the higher the

Fig.2 HR-TEM images of (a) NAC 600 at the 200 nm scale, (b) NAC 600 at the 50 nm scale, (c) NAC 700 at the 200 nm scale, (d) NAC 700 at the
50 nm scale, (e) NAC 800 at the 100 nm scale, and (f) NAC 800 at the 20 nm scale.

This journal is © The Royal Society of Chemistry 2016
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pyrolysis temperature is, the more the characteristic layered
structures of carbon particles will be. Furthermore, the HR-TEM
images also indicated the presence of an amorphous and
uniformly distributed pore structure of NACs.

The SXRD pattern (Fig. 3) of NACs revealed three well-
resolved broad scattering peaks centered at 20 = 0.4, 0.7, and
1.3°, equivalent to a lattice spacing of 22.1, 12.6, and 6.8 nm,
respectively. This implied that the obtained hybrid carbons
possess molecular homogeneity locally and a long-range order,
although the degree of the order is not very high.'* The wide
XRD patterns are presented in Fig. S2,T with two broad peaks
centered at 20 = 22 and 43°, which could be indexed to (002)
and (100) reflections, respectively.’ The dy,-spacing distance
was calculated to be 2.98 A, exhibiting a smaller dyo,-spacing
than that for natural graphite of 3.35 A.2° The relatively broad
peaks revealed that NACs possessed low crystallinity, which is
well in accordance with Raman spectral patterns as shown in
Fig. 3b, where all samples exhibited two distinctive bands,
corresponding to the D band at 1355 cm ™' and the G band at
1583 cm ™ *. The D band is often referred to as the disorder band,
associated with defect-induced mode, while the G band is
referred to as the ordered band, corresponding to the E,;, mode
of graphite.”* By determining the area under the peak for the D-
and G-bands, Ip/Ig values, which represent the ratio of amor-
phous to graphitic carbon, were estimated to be 0.56, 0.87, and
0.95, respectively. The value of the lattice distance (L,) can be
calculated from the following equation:*?

L, (nm) = (2.4 x 107" %Up/lg) ™! (1)

where 4 is the wavelength of the laser line in nm, which is 532
nm in this case. The L, values were calculated to be 34.3, 22.1,
and 20.2 nm, respectively. The presence of the characteristic 2D
band (2680 cm ') further indicated a few-layer graphene-like
structure.*® This is consistent with the HR-TEM observation.
The thermal behavior and stability of NACs were further
investigated by TGA (Fig. S31), the thermograms demonstrated
that the mass loss occurred around 100 °C attributed to
desorption of a small amount of moisture and air and NACs are
thermally stable up to a temperature of 850 °C, which is suffi-
cient to treat outgas from industry directly.
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Fig. 3 (a) SXRD patterns and (b) Raman spectra of NACs.
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Table 1 summarizes the chemical compositions of NAC
materials characterized by the ultimate elemental analysis and
XPS, and the main composition was found to be C, N, and O.
The content of heteroatoms (N and O) gradually decreases with
respect to increasing carbonization temperature. The N 1s XPS
spectra of NACs, shown in Fig. 4, exhibited a broad peak at
400.1 eV, and this peak could be deconvoluted into two distinct
peaks at 398.6 and 400.8 eV, with the area ratio=1:5.3,1: 2.4,
and 1:11.2 for NAC 600, NAC 700, and NAC 800, respectively.
These two peaks belong to pyridinic and quaternary nitrogen
species.”® The C 1s XPS results further support the successful
formation of carbonaceous materials (Fig. S4t). A strong signal
centered at 284.9 eV was detected, which could be deconvoluted
into three distinct peaks. The spectrum of NAC 600 and NAC
700, shown in Fig. S4a and b, revealed the presence of signals
for CHO (284.9 eV), CNH, (286.0 eV), and O=C-O (288.6 eV),
whereas the spectrum of NAC 800 (Fig. S4ct) could be decon-
voluted into CHO (284.9 eV), -C=0 (287.2 eV), and CO;"
(290 eV) peaks, which implies diminution of N species at high
activation temperature.

The nitrogen adsorption experiment at 77 K was conducted to
probe the porosity of activated carbon materials. As shown in
Fig. 5a, all NACs exhibited a steep nitrogen adsorption at low
pressure (P/P, < 0.05), which is indicative of the abundantly
developed micropores and a typical type I isotherm, according to
the IUPAC classification.” It is worth noting that the “knee” of
nitrogen adsorption isotherms gradually widened as the activa-
tion temperature increased. This implies a broadening of the
corresponding average pore size. The corresponding NLDFT

Table 1 Chemical composition of NACs determined by ultimate
elemental analysis and XPS

Ultimate element

analysis (Wt%) XPS (atom%)

Samples C (0] N C o N
NAC 600 76.6 17.6 3.6 76.8 19.2 4.0
NAC 700 78.4 18.2 3.5 82.0 14.2 3.3
NAC 800 74.6 21.9 2.4 87.2 10.4 2.4
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differential pore volumes as a function of pore width are given in
Fig. 5b. These curves definitely confirm that NACs were micro-
porous frameworks. Consequently, NACs possessed a BET surface
area of 1628.9, 2146.1, and 1942.8 m* g~ ', for NAC 600, NAC 700
and NAC 800, respectively, which is summarized in Table 2. It is
noted that NAC 700 displayed the largest total pore volume of 1.96
em® g7, whereas the micropores only accounted for 46.4%.

Light hydrocarbon adsorption and isosteric heat of
adsorption

To examine the light hydrocarbon adsorption and separation
performance of NACs, single component gas adsorption
isotherms for various light hydrocarbons (CH,, C,H,, C,Hy,,

Table 2 Textural properties of porous carbon materials®

Pore Width (Angstroms)

(a) N2 sorption isotherms at 77 K and (b) NLDFT pore size distribution of NACs.

C,Hg, C3Hg, and C3Hg) were measured at 273, 298 (Fig. 6), and
323 K (Fig. S51), and the dual-site Langmuir-Freundlich model
fitting parameters are listed in Tables S1-S3.7 One interesting
feature is that NACs displayed three distinguishable adsorption
zones in the following trend: C3 > C2 > C1, due to the hierarchy
of adsorption strengths, making separation of heavier hydro-
carbons from methane and selective fractionation of these
small hydrocarbons according to the carbon atom number
feasible. In practical applications, separations of these light
hydrocarbons are conducted in a pressure swing adsorption
(PSA) process. It is widely acknowledged that the separation
characteristics are determined by not only adsorption separa-
tion factors but also the adsorption uptake capacities.”” A

Samples Sper (M* g™ 1) Smicro (M> g™ 1) Stang (m* g™ Vp (em® g™") Vimiero (cm® g7 1) Dayer (Nm)
NAC 600 1628.9 1859.8 2455.4 0.86 0.77 2.6
NAC 700 2146.1 2132.7 3333.1 1.96 0.91 3.2
NAC 800 1942.8 1695.1 3373.9 1.14 0.73 3.5

“ Apparent specific BET surface area calculated in the P/P, range of 0.005 to 0.3. Total pore volume at P/P, = 0.99; micropore volume determined
from the nitrogen adsorption isotherm at 77 K using the D-R equation. Average pore diameter calculated by the BJH method.

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Light hydrocarbon adsorption isotherms on NAC 600 at (a) 273 Kand (b) 298 K, NAC 700 at (c) 273 Kand (d) 298 K, and NAC 800 at (e) 273

Kand (f) 298 K.

common thought is that higher capacities provide a longer
operation time before the regeneration arises in the adsorber

bed. As expected, NCA 700 exhibited a very high uptake of C,H,

(6.39 mmol g "), C,H, (6.41 mmol g™ '), C,H, (7.59 mmol g~ *),
CsHg (11.77 mmol g~ '), and C3Hg (11.56 mmol g ') at 298 K and
1 bar but a much smaller amount of CH, (1.33 mmol g '),
indicating that NACs are extremely promising materials for
highly selective adsorption separation of C3 and C2 hydrocar-

bons over CH,. The adsorption capacities are summarized in
Table 3. This unprecedented uptake capacity outperformed that

13962 | J. Mater. Chem. A, 2016, 4, 13957-13966

of other outstanding porous materials such as ZJU-48a,” FJI-

C4, [Cu(dhbc),(4,4"-bipy)],* and UTSA-35a.%

It should be

noted that the adsorption capacity of C2 is at least two times
higher and that of C3 is at least three times higher than the
corresponding values in published studies.”*® The regeneration
ability of the N-doped carbons has been examined as well and
the adsorption capacities are almost identical in three cycle
tests (Fig. S61). The superior adsorption capacity could be
accredited to the large surface area, suitable pore size distri-

bution and N functional groups.

This journal is © The Royal Society of Chemistry 2016
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Table 3 Hydrocarbon adsorption capacities on NACs at 298 K and 273
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K in parentheses

Sample NAC-600 (mmol g~ ) NAC-700 (mmol g~ ) NAC-800 (mmol g )
CH, 1.33(2.12) 1.33(2.11) 1.00(1.59)
C,H, 4.60(6.53) 6.39(9.86) 5.28(8.16)
C,H, 5.70(7.81) 6.41(9.09) 4.49(6.43)
C,Hg 6.29(8.10) 7.59(10.52) 5.84(7.87)
C3Hg 9.25(10.92) 11.77(14.74) 8.94(11.31)
C3Hy 8.53(10.05) 11.56(14.16) 9.04(11.64)
¢ 600 . 600 . 300
ii 400 ?‘ 4004 3 ;rr;"r' :j
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Fig.7 IAST calculations of C3/C1 and C2/C1in an equimolar 6-component CH4/C,H,/C,H4/CyHg/C3He/CsHg mixture on (a) NAC 600, (b) NAC

700, and (c) NAC 800 at 298 K and 1 bar.

To evaluate the affinity of the pore surface towards the
adsorbates on NACs, the isosteric heat of adsorption was
calculated by the Clausius-Clapeyron equation, defined as

(2)

dln p
_ 2
Ow = RT (—GT )q

The values were determined using the pure-component
isotherm fitted at 273, 298 and 323 K. The adsorption heat for
CH,, C,H,, C,H,, C,Hg, C3Hg, and C3Hg was in the range of

Table 4 |AST selectivity of C2/C1 and C3/C1 on NACs at 298 K and 1 4 4 1
bar 17.4-18.2 k] mol™, 19.8-27.0 k] mol™*, 22.1-24.7 k] mol*,
23.9-24.4 k] mol ™, 20.7-31.9 k] mol™* and 30.5-33.8 k] mol !
Sample NAC-600 NAC-700 NAC-800  (Fig. S71), respectively. The higher adsorption heats of heavier
hydrocarbons can be ascribed to the larger van der Waals

CoH,/CH, 24.2 47.1 265 interactions between the carbon network and hydrocarbon
C,H,/CH, 31.9 45.1 19.4 X ; nd Ay
C,H,/CH, 40.0 65.7 31.8 molecules. Moreover, the nitrogen functionalization generates
C;Hg¢/CH, 248.7 419.8 173.6 even stronger interactions with those easily polarized
C3Hg/CH, 406.0 501.9 203.6 hydrocarbons.
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Gas separation properties

The higher adsorption heat on C2-C3 hydrocarbons implied
a stronger affinity with the carbon skeleton, which causes these
gases to be preferentially adsorbed. Thus, a high selectivity of
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Fig. 9 IAST calculations of the C,H4/CH,4 adsorption selectivity versus
the total C2 uptake capacity for adsorption from an equimolar 4-
component mixture at the total bulk gas phase at 298 K and 1 atm.
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C2-C3 hydrocarbons with respect to CH, could be anticipated.
The IAST method was applied to appraise the potential for light
hydrocarbon separations from an equimolar 6-component
mixture (Fig. 7). At 298 K and 1 bar, the highest selectivities were
obtained for NAC 700, where the selectivities of C,H,, C,Hy,
C,Hs,, C3Hg, and C;Hg with respect to CH, are 47.1, 45.1, 65.7,
419.8 and 501.9, respectively. The values are summarized in
Table 4. The calculated selectivities are much higher than the
corresponding values of FJI-C4,”° UTSA-35a* and many other
benchmark adsorbents (Table S4t).>” Noticeably, the selectivity
of C3Hg/CH, (501.9) is even better than the current highest
values of FJI-C1 (471).2® This result strongly supported the fact
that NAC 700 is a potent adsorbent for effective selective
adsorptive separation of CH, from C2-C3 light hydrocarbons
under ambient conditions.

Breakthrough simulation properties

It is widely acknowledged that adsorbent performance is
determined by metrics of separation ability and adsorption
capacity, especially in PSA units. Keeping this in mind, transient
breakthrough calculations were conducted. The breakthrough
methodologies, with step- or pulse-inputs of gas mixtures, are
provided in the ESI.T To demonstrate the fractionation capacity
of NACs, we also carried out pulse chromatographic

N
»
1

N
o
!

=
(=]
1

-
N}
1

«
0.8 (b) .N-AC 700 « 4
6-component mixture at 208K; “ —CH,
insert: p, = 20 kPa < —A—C,H,
0.4 —v—C,H,
COHﬁ
—4—CH,

Concentration at Outlet, ¢, / mol m™

=
=3

T Y T L3 T ¥ T L T L T ¥ T ¥ T
0 2000 4000 6000 8000 10000 12000 14000
Time (s)
100
e
8 A
T
i 80 4 —m—N-AC 600
2 L8 —e—N-AC 700
[ ]
2| Am % —A-NACBS00
. ; A m
o (d) . C1/C3 mixture at 298K; A [} L
—~ 604 insert: p,, = 20 kPa. 4 : ©
z I
2 ie 0
AN 4
£ 40 L °
Y : u )
= .
o
£ 204
Qo
=
T T T T T T T T v 1
0 1000 2000 3000 4000 5000

Time (s)

Fig. 10 Breakthrough simulation curves of (@) NAC 600, (b) NAC 700, and (c) NAC 800, for separation of an equimolar 6-component CH4/C,H,/
C,H4/C,yHg/C3He/C3Hg mixture in a fixed adsorber at 298 K and 1 bar, and (d) molar percentage of CH, in the exit gas stream as a function of time

for NACs.
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simulations. The selective adsorption of C2 hydrocarbons from
an equimolar 4-component CH,/C,H,/C,H,/C,Hs mixture is
first considered. The choice of such a mixture is dictated by the
fact that such mixture separation is encountered in the oxida-
tion coupling of the methane process for producing ethylene.
The equimolar 4-component CH,/C,H,/C,H,/C,H¢ mixture
breakthrough curves at 298 K (Fig. 8) clearly showed that the
breakthrough time sequence was C,Hgs > C,H; = C,H, > CH,.
Three conclusions could be drawn from this observation: (i)
NACs could separate CH, from quaternary mixtures success-
fully, the plot of mol% CH, in the exit stream as a function of
time is presented in Fig. S8;T (ii) except for NAC 600, C,H¢ could
be collected in pure form; (iii) NACs lack the ability to separate
C,H,-C,H, pairs efficiently. To compare the separation perfor-
mance of C2/CH, on NACs, the C,H,/CH, mixture pair is chosen
due to the fact that C,H, stream took the lead off breaking
through the adsorber. The adsorption capacity is dictated by the
combined total uptake of C2 light hydrocarbons. Fig. 9 presents
C,H,/CH, IAST selectivity versus the total C2 uptake at 298 K
and 1 bar. It is worth noting that NAC 700 exhibited the highest
selectivity as well as the largest uptake capacity, clearly demon-
strating that NAC 700 is the most promising adsorbent in C2/C1
separation. In order to examine the ability to recover each
component in nearly pure form, pulse chromatographic simu-
lations for an equimolar 4-component CH,/C,H,/C,H,/C,Hs
mixture separation were carried out as well (Fig. S97). It clearly
demonstrated the similar results that it is possible to obtain CH,
in pure form, but separation of C,H,/C,H,/C,Hs is relatively
difficult.

To further demonstrate the feasibility of separating
6-component equimolar mixtures, the breakthrough curves are
depicted in Fig. 10. In all adsorbers packed with NACs, CH,
breaks through the earliest due to its poorest adsorption
strength, followed by C2 and C3 streams in sequence. There-
fore, it is possible to fractionate the bulk mixture stream into
three isolated streams according to the carbon atom number.
Remarkably, NAC 700 exhibited the best separation perfor-
mance, no matter whether in the mixture of C1/C2, C1/C3, or
C2/C3. Fig. 10d shows that the time interval, At,q, of collecting
99%+ CH, from the equimolar 6-component mixture, is 2610,
3204, and 2340 seconds for NAC 600, NAC 700, and NAC 800,
respectively. This result could be ascribed to the highest C3
adsorption capacity and C3/CH, selectivity on NAC 700.
Surprisingly, NAC 600 was capable of separating C;H¢ and
C3;Hg, and the breakthrough time interval is 1530 seconds
(Fig. S1071). We ascribe this property to the apparent uptake
difference (0.72 mmol g~ ) between C3Hg and C;Hg on NAC-600.
It is also worth noting that NACs possessed high C;Hg/C,Hs
IAST selectivity, shown in Fig. S11,T which is 10.1, 7.6, and 6.3
on NAC-600, NAC 700, and NAC 800, respectively, at 298 K and 1
bar.

4 Conclusion

In summary, we have successfully prepared a series of N-doped
(ca. 3.6 wt%) porous carbon materials derived from a pre-
functionalized polymer precursor for C1/C2/C3 separation. The

This journal is © The Royal Society of Chemistry 2016
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obtained highly porous materials possessed a hierarchical pore
structure with specific surface areas up to 2146.1 m> g~ " and
pore volumes up to 1.96 cm® g~'. NACs displayed unprece-
dented C2 and C3 uptake capacities; particularly, NAC 700
exhibited the highest C,Hg and C;Hg capacity of 7.59 and 11.77
mmol g~ ' at 298 K and 1 bar, respectively. Furthermore, excel-
lent IAST selectivity of C2/C1 (ca. 65.7) and C3/C1 (ca. 501.9) was
obtained as well. Meanwhile, NACs possessed high C;Hg/C,Hg
IAST selectivity, which is 10.1, 7.6, and 6.3 on NAC-600, NAC
700, and NAC 800, respectively. The N-functional groups
contribute significantly to enhancement of adsorption capacity
and selectivity in two ways: (i) generating a stronger interaction
force with polarized hydrocarbon molecules and (ii) adjusting
the pore size and architecture. Considering these merits,
breakthrough and pulse chromatographic simulations were
conducted to further confirm that NACs are potent adsorbents
for light hydrocarbon separation.
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Figure S1. Schematic illustration of synthesis process.
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Figure S2. Wide XRD spectra of NACs.
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Figure S3. TGA and DTG curves of (a). NAC 600, (b). NAC 700, and (c). NAC 800.
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Figure S4. C 1s spectra for (a) NAC 600, (b) NAC 700, and (c) NAC 800.
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Figure S5. Light hydrocarbons adsorption isotherms on (a) NAC 600, (b) NAC 700, (c) NAC
800 at 323 K and 1 bar.

5
S— -‘- ). N-AC 700 at 323K P - o c). N-AC 800 at 323K
w54 e i (@), N-AC 600 at 323K _ o ( £t =] a (c). N-AC 800 at 323K
= A el = | 200 898 e 2 33
4 eI AL B ] i o
ART T e]3d il 3
: s g,] : L L
21 |57 o# | 24 ¥
2 EBEE X 5 ﬁ" v .9.9“ S o3¢ BT 84
3 Do ¢ cee® e =] 4 vITTse0808 2] & eI & < A
g B Yo g0e £1s3 eettts =R P gifiatats
g 2 Xoeoe® = 2 xxxxXQG‘ = 723 vEgas
= O 7 Z vZa
= L =
0 pwoEomOsOmOEOROEOE g u&w'“'"- e Epom e B 2 égx -u-u-um:-n-n-mn mmes
00 02 o4 06 08 To 0.0 0.2 0.4 0.6 0.8 1.0  Oa 0.8 1.0
Pressure (bar) Pressure (bar) Pre:,xure (bar)
{Figure S5}

Fitting of pure component isotherms

The experimentally measured loadings for CHy, C,H,, C,H4, C,Hs, C3Hg, and Cs3Hg were
measured as a function of the absolute pressure at three different temperatures 273 K, 298 K, and

323 K.

The unary isotherm data for each guest molecule were fitted with the Langmuir-Freundlich

model
bp"
9= . (1)
1+bp
with 7-dependent parameter b
E
b=b,exp| — 2
0 p(RTj )

The Langmuir-Freundlich parameters for adsorption of CHy4, C;H,, C;Hy4, C,Hg, C3Hg, and CsHg
are provided in Tables S1, S2, and S3 for NAC 600, NAC 700, and NAC 800, respectively. For

all guest/host combinations the isotherm fits are excellent.



Table S1. Langmuir-Freundlich parameters for adsorption of CH4, C,H,, C;H,4, C;Hg, CsHg, and
C5;Hg in NAC 600.

Gsat by E v

mol kg-! Pa™" k) mol?! dimensionless
CH,4 4.9 2.28x10? 18.2 1
C,H, 12 4.38x107 17 0.63
C,Hy 9.2 1.8x10? 23.7 0.96
C,Hg 9.9 7.04x10° 22 0.9
CsHq 12.7 3.12x10°% 14.3 0.69
C;Hg 12 4.77x10°6 17.4 0.53

{Table S1}

Table S2. Langmuir-Freundlich parameters for adsorption of CHy, C,H,, C;Hy4, C,Hg, C3Hg, and
C3Hg in NAC 700.

Gsat by E v

mol kg! Pa™" k) mol? dimensionless
CH,4 5.4 2.73x10? 17.4 1
C.H, 33.7 1.56x107 15.7 0.68

C,Hy 15.6 7.81x10® 18.1 0.75




C,Hq 16.5 5.79x10° 18.8 0.77

Cs;Hg 17.6 5.23x107 19.8 0.62

C;Hg 17 1.62x10° 18 0.59
{Table S2}

Table S3. Langmuir-Freundlich parameters for adsorption of CHy4, C,H,, C;Hy4, C,Hg, C3Hg, and

C3Hg in NAC 800.

Gsat by E v
mol kg-! Pa™" k) mol?! dimensionless
CH,4 4.9 1.84x10° 17.7 1
C.H, 17 1.28x108 17.6 0.89
C,Hy 10.5 1.62x10°® 19 0.86
C,Hg 13.7 5.33x108 18.4 0.77
C5H, 16 2.95x10° 14.4 0.62
C;Hg 13.3 1.23x107 22.3 0.66

{Table S3}




Figure S6. Regeneration ability on N-AC 700 at 298 K and 1 bar.
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{Figure S6}

Figure S7. Adsorption heat of light hydrocarbons on (a) NAC 600, (b) NAC 700, (c) NAC 800.
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Table S4. Comparison of C3Hg/CH,4, CsHs/CH4, C,Hs/CHy4, C,H4/CH,4, and C,H,/CHy selectivities
of NAC 700 with other benchmark adsorbents.

Samples C3H8/ CH4 C3H6/ CH4 C2H6/ CH4 C2H4/ CH4 C2H2/ CH4 References

NAC 700 501.9 419.8 65.7 45.1 47.1 This work

FJI-C4 293.4 - 39.7 22.1 51.0 1




UTSA-35a 80 - 13.5 8 19

UTSA-33a - - 16 12 18
JLU-Liu22 271.5 - 14.4 - -
JLU-Liu5 107.8 - 17.6 - -
JLU-Liu6 274.6 - 20.4 - -
JLU-Liul8 108.2 - 13.1 - -
{Table S4}

Figure S8. Mole percentage of CH, in the exit gas stream as a function of time for NACs.
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Figure S9. Pulse chromatographic simulations for separation of an equimolar 4-component
CH4/C,H,/C,H4/C,H¢ mixture on (a) NAC 600, (b) NAC 700, and (c) NAC 800 at 298 K and 1

bar.
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{Figure S9}

Figure S10. IAST calculations of C3/C1 and C2/Cl
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Figure S11. C3H¢/C,Hg IAST calculations on NACs.
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{Figure S11}

Transient breakthroughs in fixed bed adsorber

A brief summary of the breakthrough simulation methodology, essentially the same as that
presented by Krishna [8,9], is provided below.

Assuming plug flow of an n-component gas mixture through a fixed bed maintained under
isothermal conditions, 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.

L@i(z,z):_Lﬁ(v(t,Z)p,-(LZ))_(1—8)/,551'(”2); i=12,..n 3)
RT & RT 2 € a

In equation (3), ¢ is the time, z is the distance along the adsorber, pis the framework density,
¢ 1s the bed voidage, v is the interstitial gas velocity, and gi (t,z) is the spatially averaged molar

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

11



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. == [ a.0.0nar (4)
q;\l)= rc3 , 4i\7>

For the breakthrough simulations presented in this article, we assume that intra-crystalline
diffusion is of negligible importance. With this assumption 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,(1,2) (5)

The molar loadings at any position z, at time ¢ in Equation (5) are calculated on the basis
of adsorption equilibrium with the bulk gas phase partial pressures p; at that position z and time z.
The adsorption equilibrium can be calculated on the basis of the Ideal Adsorbed Solution Theory
(IAST) of Myers and Prausnitz . In all the simulation results we present in this article, the
IAST calculations use Langmuir-Freundlich isotherm fits.

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

(6)

n =

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

initial condition

t=0; ¢,(0,2)=0 (7)

12



At time, t = 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.
t20; p,0,0)=p,; u(0,6)=u (8)

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

Besides, the breakthrough simulations with a step-input (8), we also carried out simulations
for a packed bed adsorber with injection of a short duration pulse of the mixture to be separated.
This type of simulation is particularly useful to demonstrate the fractionating capability of
adsorbents. For simulation of pulse chromatographic separations, we use the corresponding set of

inlet conditions
0<r<ty; p;0,0)=p;; u,)=u 9)

where the time for duration of the pulse is ¢,.

In order to evaluate the different N-ACs, breakthrough calculations were performed taking
the following parameter values: inside diameter of tube = 50 mm; bed length, L = 1.8 m; voidage
of bed, &= 0.5; superficial gas velocity, u = 0.05 m/s (at inlet), interstitial velocity, v = 0.1 m/s.

The mass of adsorbent packed in the tube is 2 kg. For the pulse chromatographic simulations, a

pulse injection time 7, = 10 s was used. We use the dimensionless time, 7 = T obtained by
£

o . e Le o
dividing the actual time, #, by the characteristic time, — , when plotting simulated breakthrough
u

curves

13



Notation

Ci

Cio

pi
Py
ai
Qs

Greek letters
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Langmuir-Freundlich constant for species i at adsorption site A, Pa™
molar concentration of species i in gas mixture, mol m3

molar concentration of species i in gas mixture at inlet to adsorber, mol m-3
energy parameter, J mol*?

length of packed bed adsorber, m

partial pressure of species i in mixture, Pa

total system pressure, Pa

component molar loading of species i, mol kg*

isosteric heat of adsorption, J mol*

gas constant, 8.314 J mol1 K!

time, s

absolute temperature, K

superficial gas velocity in packed bed, m s



& voidage of packed bed, dimensionless

Yol framework density, kg m3

1% Freundlich exponent, dimensionless
T time, dimensionless
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