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ABSTRACT: Oxygen-doped microporous carbons were synthesized by chemical
activation of polyfuran with KOH or ZnCl, at 600 and 800 °C. It was found that
KOH preserves and ZnCl, eliminates the O—C functional groups in the activation
process. The O-doped carbon activated with KOH at 800 °C exhibited a high CO,
capacity (4.96 mmol g, 273 K, 1 bar) and CH, adsorption capacity (2.27 mmol
g™, 273 K, 1 bar). At 298 K and 1 bar, a very high selectivity for separating CO,/N,
(41.7) and CO,/CH, (6.8) gas mixture pairs was obtained on the O-doped carbon
activated with KOH at 600 °C. The excellent separation ability of the O-doped
carbons was demonstrated in transient breakthrough simulations of CO,/CH,/N,
mixtures in a fixed bed adsorber. The isosteric adsorption heats of the O-doped
carbons were also significantly lower than those of MOF-74 and NaX zeolite. The
O-doped microporous carbon adsorbents appear to be a very promising adsorbent
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for CO, capture from flue gas, biogas upgrading, and CH, storage.

1. INTRODUCTION

Global warming has become one of the most concerned
problems due to the overwhelming emission of greenhouse
gases (ie., carbon dioxide, methane, nitrogen dioxide, etc.).l_3
Aqueous ammonia® is widely used for capturing CO, from flue
gases because it is a very efficient solvent for absorbing CO,.
However, it requires lots of energy to regenerate the
absorbents, resulting in a net increasing CO, level in the
atmosphere. Therefore, finding new generation of adsorbents
for capturing CO, from flue gas is critical to mitigate the global
warming problem. Methane is a biorenewable energy source
that may help us to alleviate fossil fuel dependence. However,
storage, purification, and transportation are still main problems
for large scale-up applications of low grade biogas that is
generated in aerobatic digestion of biomass. Polymer-based
activated adsorbents could be very promising in those
applications because of easy manufacturing, high CO,
adsorption capacity, high separation selectivity, easy to
regenerate, and stability.">°

Many different adsorbents have been studied for capturing
CO, from flue gas, such as zeolites,” metal—organic frameworks
(MOFs),® polymers of intrinsic microporosity (PIMs),™"°
hyper-cross-linked polymers (HCPs),"""> conjugated micro-
porous polymers (CMPs),'>"* and amine-modified mesopo-
rous silica."” Compared to these CO, adsorbents, the carbon-
based materials displayed a relatively high CO, adsorption
capacity and selectivity over a wide range of operation
conditions."”"” Because of their high specific surface area,
uniform and narrow pore size distribution, and adjustable
surface properties, carbon materials have also been used in
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many other applications, including supercapacitor'®
wastewater treatment.””

In order to enhance adsorbent performance of adsorption
capacity and selectivity, doping heteroatoms to the adsorbent
surface/internal is a very efficient method; thus, multiple
functional groups have been investigated. The amine groups are
commonly chosen due to their significant improvement in gas
uptake and selective adsorption ability.””~** Other candidates
are tested as well such as borane”””° and sulfur.' In 2011, Jiang
et al.”’ computationally designed new porous aromatic
frameworks (PAFs) by introducing polar organic groups to
the biphenyl unit and then investigated their separating power
toward CO, by using grand canonical Monte Carol (GCMC)
simulations. They found that tetrahydrofuran-like ether-
functionalized PAF-1 had the highest CO, adsorption capacity
and selectivities. Torrisi et al.”® predicted that —COOH and
—OH substituted MIL-53(lp) showed the best CO,/CH,
selectivity when compared to original and other functionalized
MIL-53(lp).

Abundant natural monomer resources,””>° MOFs,>' and
industrial wastes®” have provided a lot of variability for making
carbon materials. Recently, polymers have attracted a special
interest for practical applications as pyrolysis precursors of
carbon material. Salasubramanian et al.”® used polythiophene
(PTh) as an electrocatalyst in 2011. In 2012, Chandra et al.**
demonstrated that an N-doped carbon prepared by chemical
activation of polypyrole exhibited a high CO, adsorption
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Figure 1. SEM images of (a) original polyfuran, (b) PF-600 KOH, (c) PF-600 ZnCl,, (d) original polyfuran EDS mapping for O, (e) PF-600 KOH

EDS mapping for O, and (f) PF-600 ZnCI2 EDS mapping for O.

capacity of 4.3 mmol g~* at 298 K and 1 bar. In 2013, Kim and
co-workers' reported a few new polythiophene-based carbon
materials produced by KOH activation of a reduced-graphene-
oxide/PTh material. These carbons displayed a high CO,
adsorption capacity of 4.5 mmol g~' at 298 K and 1 bar. The
objective of this work is to synthesize, characterize, and evaluate
a serial of O-doped microporous carbon adsorbents for
improved performance in capturing CO, from flue gas, biogas
upgrading, and methane storage.

2. EXPERIMENTS AND METHODS

An established synthesis method as described in a published report®*
was used for preparing polyfuran. To synthesize polyfuran, 3 g of furan
was dispersed in SO mL of dichloroethane (DCE) at RT using
sonication. 8 g of FeCl; dissolved in 50 mL of DCE was added to this
solution. The resulting solution was stirred and allowed to polymerize
for 24 h at room temperature. After polymerization, 100 mL of
methanol was added, and the final mixture was filtered. The obtained
brown precipitate was washed with 500 mL of methanol and 500 mL
of deionized water (DI) water. The precipitate was then resuspended
in 100 mL of 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 observed. Finally, the PF material was dried at 80 °C for 24 hiin a
vacuum.

The chemical activation of polyfuran (PF) was carried out using a
1:1 ratio of PF and potassium hydroxide or zinc chloride. Typically, 1.5
g of PF and the same weight of KOH or ZnCl, were added to a molar
and then grounded to a uniform mixture. Pyrolysis procedural was
achieved by heating the mixture for 1 h in a tube furnace under a N,
atmosphere at two different temperatures (600 and 800 °C). The
heating rate was 3 °C min~". After activation, the product was washed
with 8% HCI until neutral pH was observed and then washed with 500
mL of DI water. The final precipitate was dried under vacuum at 80 °C
for 24 h.

The XRD pattern was recorded using a Rigaku Miniflex-II X-ray
diffractometer with Cu Ka (4 = 1.5406 A) radiation, 30 kV/15 mA
current, and kj filter. A step scan with an increment of 0.02° in 26 and
a scan rate of 1°/min were employed to obtain the high-resolution
patterns. Fourier transformed infrared (FT-IR) spectra were recorded
with a PerkinElmer FTIR. Scanning electron microscopy (SEM)
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images and EDS mapping of the materials were taken using a SEM S-
3400NII equipped with energy-dispersive X-ray analysis (EDS).
Transmission electron microscopy (TEM) images were taken by a
Hitachi H-7650. Raman spectra were collected using a Reinshaw
Raman microscope with 632.8 nm (1.96 eV) laser excitation. The
TGA data were collected in PerkinElmer thermogravimetric analyzer
from 25 to 900 °C under a nitrogen flow (~100 mL/min), and the
heating rate was 10 °C min™".

The adsorption isotherms of CO,, CH,, 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 thermostatic bath with a
precision of +0.01 °C. The degas procedure was repeated in all
samples before measurements at 150 °C for 24 h. Ultrahigh purity
grade CO,, CH,, N,, and He from Matheson Co. were used as
received. The BET (Brunauer—Emmett—Teller) surface area was
calculated at 0.05—0.3 relative pressures, and pore size distributions
were calculated using NLDFT (nonlocal density functional theory)
from N, adsorption—desorption isotherms measured at 77 K.

3. RESULTS AND DISCUSSION

3.1. Material Synthesis and Characterization. The
polyfuran carbon precursors were synthesized by the polymer-
ization of furan using ferric chloride as a catalyst at room
temperature. The polyfuran carbon precursors were then
activated using KOH or ZnCl, as a porogen agent and
pyrolyzed at 600 or 800 °C for 1 h. Four polyfuran-derived
porous carbon samples, PF-600 KOH, PF-800 KOH, PF-600
ZnCl,, and PF-800 ZnCl,, were obtained with four different
combinations of porogen agent and pyrolysis temperature. FT-
IR spectra (Figure S1) of these samples were scanned four
times at a resolution of 1 cm™. For all four samples, the bands
that appear at approximately 787, 1013, 1498, and 3117 cm™
are contributed to plane C—H aromatic bending, furan ring
breathing, C=C stretching in furan ring, and C—H stretching
in furan ring, respectively. The remaining peaks in the
polyfuran-derived porous carbon samples are attributed to
functional groups with the peaks at 1148 and 1250 cm™
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The emergence of the D and G bands indicates graphitization
occurred in these samples. The increasing D/G intensity ratio
in PF KOH samples indicates higher activation temperature,
resulting in less ordered carbon. The emergence of these
characteristic bands and the downward shift of the G peak of
PF-600 KOH and PF-800 KOH compared to PF-600 ZnCl,
and PF-800 ZnCl, indicate that doped O is more in PF KOH
than PF ZnCl,.

The SEM images are shown in Figure 1 and Figure S5. The
SEM image of the raw polyfuran is a typical granular
morphology (Figure la), whereas the SEM images of PF-600
KOH (Figure 1b) and PF-800 KOH (Figure SSb) show the
formation of a typical porous carbon structure. The porous
surface of PF-600 KOH and PF-800 KOH could be seen by
presence of holes on the polyfuran surface after the KOH
activation. However, the SEM images of PF-600 ZnCl, (Figure
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Pressure (kPa)

Figure 3. CO,, N,, and CH, adsorption isotherms for polyfuran-
derived carbons at (a) 273, (b) 298, and (c) 323 K and 1 bar (filled
symbols: adsorption; open symbols: desorption).

1c) and PF-800 ZnCl, (Figure SSc) show a very similar
granular morphology with the original polyfuran. This indicates
that ZnCl, does not change much geochemical surface
properties. From the transmission electron microscopy
(TEM) figures (Figure S6), apparent oriented multilayer
domains and a few indistinguishable graphene sheets stacked
in parallel positions were observed in all polyfuran-derived
porous carbon samples. Arranged structure with uniform pores
was also clearly observed, implying that PFs possess a well
ordered 2D hexagonal microstructure with 1D channels. The
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Table 2. Comparison of Adsorption Properties of Polyfuran-
Derived Carbons with Other Adsorbents

CO, uptake”  CH, uptake” IAST
sample (mmol/g) (mmol/g) selectivity ref
PE-600 KOH 323 2 417 (68)  this
work
PF-800 KOH 346 227 278 (5.1)  this
work
PF-600 ZnCl, 3.02 2 18.5 (3.8)  this
work
PF-800 ZnCl, 2.91 212 141 (3.1)  this
work
a-SG7 4.5 1
aNDC-6 4.3 24
NPC-40-800 249 40
N-containing 3.13 41
carbon monolith
aC-AO2 2.5 204 (=) 43
sOMC? 3 13 128 (34) 53
silicalite-1 1.63 0.65 9.6 (2.6) 56
MCM-41 12 0.3 (=) 45 s8

“Measured at 298 K and 1 bar. ®Measured at 273 K and 1 bar. °CO,/
N, (CO,/CH,) selectivity measured at 298 K and 1 bar. “Measured at
278 K and 1 bar.
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T
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Figure 4. Isosteric heats of adsorption for CO, on the polyfuran-
derived carbons, MgMOF-74, NIMOF-74 Cu-TDPA, and NaX.

energy-dispersive X-ray spectroscopy (EDS) mapping results of
four samples are shown in Figure 1 and Figure S5. A uniform
distribution of oxygen on the surface of these samples can be
seen. This result shows that O has been successfully doped into
the activated materials. From Figure le and Figure SSe, we can
find that there are no obvious quantitative differences among
original polyfuran (Figure 1d), PF-600 KOH, and PF-800
KOH. However, apparent decreases are found in PF-600 ZnCl,
(Figure 1f) and PF-800 ZnCl, (Figure S5f). These results are
consistent with the mechanisms of KOH and ZnCl, as the
activation agents to be discussed in the following section.
3.2. Texture Properties. Figure 2 shows the N,
adsorption—desorption isotherms of the polyfuran-derived
porous carbon adsorbents. The N, isotherms of all four
samples display a typical type I shape according to IUPAC
classification.” The steep adsorption in low pressure indicates
that all the pores are micropores (<2 nm). This is consistent
with the calculated pore size distribution shown in Figure S7.

9848

60
1 e PF-600 KOH
@ s PF-600 ZnCl,
50 IAST calculation; PF-800 KOH
50/50 binary mixtures; em==PF-800 ZnCl,
1 @ 298K

CO,/N, adsorption selectivies
]
1

0 . T . T . T . T .
0 20 40 60 80 100
Pressure (kPa)

] (b)
IAST calculation;
50/50 binary mixtures;
@ 298K

0 T T T T T T T T
0 20 40 60 80 100
Pressure (kPa)

12

@ PF-600 KOH
@ PF-600 ZnCl,

PF-800 KOH
@ PF-800 ZnCl,

-
o
1

[e ]
|

CO,/CH, adsorption selectivity

5

>
=
S 44
=
5
o) (c)
(2]
c 34
]
=
= IAST calculation; am—PF-600 KOH
8 50/50 binary mixtures; @ PF-600 ZNCl,
T 24 @ 298K PF-800 KOH
© e PF800 ZNC,

~
£

~
I 44
O

0 T T T T T T r T .
0 20 40 60 80 100

Pressure (kPa)

Figure S. IAST predicted adsorption selectivities for equimolar binary
mixtures of (a) CO,/CH,, (b) CH,/N,, and (c) CO,/N, on PFs at
298 K and 1 atm.

The micropore size distribution and micropore volume were
calculated by the nonlocalized density functional theory
(NLDFT) method as shown in Table 1. The pore sizes of
the polyfuran-derived porous carbons are below 0.9 nm (Table
1), and the molecular size of CO, is 0.209 nm. Therefore,
polyfuran-derived porous carbon adsorbents are expected to be
effective for proficient CO, adsorption at an ambient pressure.
A lot of efforts have been made to increase the interaction
forces between adsorbents and adsorbate molecules, for
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example, increasing BET surface area,” dosing functional
groups,””* and modifying pore structure.”® Table 1 shows
PF-800 ZnCl, exhibits the largest BET surface area of 1123 m*
g~', and largest pore volume of 0.64 cm® g™!, as compared to
those of other samples. The BET surface areas and pore
volumes of KOH activated samples are generally lower than
that of ZnCl, activated samples under the same condition. This
is caused by the different mechanisms of porogen. Basically,
KOH makes carbon gasification to create pore structure,”’
which preserves most of the O—C functional groups including
C=O0 and C—O-C. While ZnCl, works as a dehydrate
agent,” it facilitates the removing of most oxygen from the
polyfuran precursors by combining with hydrogen to form H,O
molecules and leaving the carbon skeleton after activation. This
is an undesirable feature because it destroys the O—C
functional groups, resulting in reduced interaction forces.
This mechanism can be proved by the oxygen content as shown
in the EDS mapping (Figure 1 and Figure SS). Activation
temperature is also a factor affecting the surface properties; a
higher temperature leads to a larger surface area and pore
volume.

3.3. CO,, CH,, and N, Adsorption. The single-component
adsorption isotherms of CO,, CH,, and N, measured at 273,
298, and 323 K and gas pressure up to 1 bar are presented in
Figure 3 and fitted by the Langmuir—Freundlich model. The
calculation details and model parameters are summarized in the
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Supporting Information (Tables S1—S3). All isotherms show
excellent reversibility without a hysteresis, indicating that the
adsorbed gas molecules can be easily desorbed by vacuum
during the desorption step. The CO, adsorption capacity varied
with activated temperature and activated agent. The KOH
activated polyfuran-derived carbons show an increased CO,
adsorption capacity from 4.38 to 4.96 mmol g~' when the
carbon activating temperature was increased from 600 to 800
°C (Table 2). This is caused by the increased BET surface area
and pore volume formed at a higher temperature and the
preserved O—C functional groups (by KOH). However, the
ZnCl, activated polyfuran-derived carbons show a decreased
CO, adsorption capacity from 4.78 to 4.75 mmol g~' when the
activation temperature was increased from 600 to 800 °C. This
is mainly caused by reduced number of O—C functional groups
on carbon adsorbents. Although PF-800 ZnCl, has a higher
BET surface area and pore volume than those of PF-800 KOH
and PF-600 ZnCl,, the CO, adsorption capacity of PF-800
ZnCl, is the lowest among these three samples, which strongly
suggests that C—O functional groups play a very important role
in CO, adsorption on the polyfuran-derived carbons, and this
discovery is consistent with other literature.” Figure 3 also
clearly shows KOH activated samples adsorbed more CO, than
the ZnCl, activated polyfuran-derived carbons in the low
pressure range, due to enhanced interaction force between the
C—O functional groups and CO, molecules. Among the four
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polyfuran-derived carbons, PF-800 KOH has the highest CO,
adsorption capacity due to the enhanced interaction force,
optimal O content, and microporosity of this adsorbent.

PF-800 KOH displays a high adsorption capacity of 4.96 at
273 K and 1 bar, which is one of the best CO, adsorbents ever
reported. This result is much better than that obtained on a
recently reported porous carbon,**~* some N-doped carbon
materials,'”*' and another surface-modified porous carbon.”
Likewise, this result is also comparable to the polypyrrole-based
activated carbon™® and the polythiophene-based activated
carbon.' Additionally, it should be noted that the KOH
activated PFs show a larger CO, adsorption at low CO,
pressures (2.5 and 2.4 mmol g~ at P/P, = 0.2 for PF-600
KOH and PF-800 KOH, respectively) than other recently
synthesized materials,' which could be advantageous for
capturing CO, from flue gas. One main challenge in capturing
CO, from flue gas is the low CO, partial pressure, whereas the
O groups create sufficient active CO,-adsrobing centers to grab
the acidic guest molecules. Therefore, the O-doped porous
carbons derived from polyfuran look very promising for
capturing CO, from flue gas.

Another important feature of the polyfuran-derived carbons
is their strong methane adsorption capability. PF-800 KOH
shows a very high methane adsorption of 2.27 mmol g~" at 273
K and 1 bar, which is far better than many other adsorbents at
similar conditions. Porous polymer materials often exhibit a
methane capacity between 0.3 and 1.5 mmol g ' at 273 K and 1
bar.**™*° Activated carbons often exhibit a methane capacity
between 0.8 and 1.5 mmol g~'." Based on their outstanding
methane adsorption capability, the polyfuran-derived carbons
can also be applied in methane storage and natural gas
upgrading. Furthermore, nitrogen adsorption isotherm is also
shown in Figure 3. Obviously, the N, uptake is much lower
than CO, uptake, only about 1/20th of the CO, uptake; this
provides a foundation for the good CO,/N, selectivity.

3.4. Isosteric Heat of Adsorption. Moreover, by fitting
the CO, adsorption isotherms measured at 273, 298, and 323 K
and applying a variant of the Clausius—Clapeyron equation, the
isosteric adsorption heat was calculated (Supporting Informa-
tion). The isosteric adsorption heats of CO, for all four samples
were calculated to lie in 28.3, 25.7, 24.1, and 23.1 k] mol™" for
PF-600 KOH, PF-800 KOH, PF-600 ZnCl,, and PF-800 ZnCl,,
respectively (Figure 4). The Qg of CH, and N, are listed in
Table S4. We noted that PF-600 KOH exhibits the highest
adsorption heat over all range and PF KOH materials exhibit
higher adsorption heat than that of the ZnCl, activated carbons
materials. This is due to O—C functional groups are mostly
preserved in lower temperature and using KOH as activated
agent. Figure 4 also compares the Q, of the polyfuran-derived
carbons with that of Mg-MOF—74,47 NaX,"” Cu-TDPAT," and
Ni-MOE-74;*"°° Q,, of polyfuran-derived carbons are signifi-
cantly lower than that of zeolite and MOFs. Those values are
even lower than recently reported activated carbon, such as
HCM-AC-0'® and aC-A0O2."® This implies that the cost of
regeneration with polyfuran-derived carbons will be signifi-
cantly lower than that of other materials, and polyfuran-derived
carbons are promising adsorbents in industrial applications.

3.5. Separation of Binary Mixtures. 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
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In the above equation, g, and g, are the absolute component
loadings of the adsorbed phase in the mixture. These
component loadings are also termed the uptake capacities. In
all the calculations to be presented below, the calculations of g,
and g, are based on the use of the ideal adsorbed solution
theory (IAST) of Myers and Prausnitz.”’ 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.”
The CO,/N, IAST selectivity was calculated to be 41.7, 27.8,
18.5, and 14.1 at 298 K and 1 bar for PF-600 KOH, PF-800
KOH, PF-600 ZnCl,, and PF-800 ZnCl,, respectively. It is quite
clear that PF-600 KOH has the best CO,/N, selectivity due to
its most preserved O—C functional groups, which can be
proved by the adsorption heat and EDS mapping. These values
are significantly higher than other activated carbons, such as
ordered mesoporous carbon (~11.33),”> MIL-47(v) (~9),**
and N-doped hierarchical carbons (~8.4)> at 298 K and 1 atm.
The CO,/CH, IAST selectivity was calculated to be 6.8, 5.1,
3.8, and 3.1 at 298 K and 1 bar for PF-600 KOH, PF-800 KOH,
PF-600 ZnCl,, and PF-800 ZnCl,, respectively. These values
are superior to the most existing adsorbents at the same
condition, such as silicalite-1 (~2.6),°° SBA-15 (~5.5),”” and
MCM-41 (~5.5).>® The highest CH,/N, selectivity of 5.1 was
obtained by PF-600 KOH at 298 K and 1 bar as well. Those
comparisons indicate N-ACs are promising adsorbents in flue
gas and natural gas processing.

3.6. Transient Breakthrough Simulations. Separations
using porous adsorbents are usually conducted in the fixed bed
units; in such cases the separation performance is dictated by a
combination of adsorption selectivity and uptake capacity. For a
proper evaluation of the performance of fixed bed adsorbers it
is necessary to carry out transient breakthrough simulations as
described in the literature.’”®® We therefore performed
transient breakthrough simulations for separation of CO,/
CH,/N, gas mixtures on the polyfuran-derived carbons. The
methodology details and movies using the adsorption cycle
isotherms fits are provided in the Supporting Information; the
methodology used has been verified to be of good accuracy.”’
Figure 6 compares CO,/CH,/N, mixture breakthrough
characteristics as a function of the dimensionless time, 7 =
tu/Le. For all three polyfuran-derived carbons the sequence of
breakthroughs is N,, CH,, and CO,; this is dictated by the
hierarchy of adsorption strengths. CO, molecules are strongly
adsorbed by the polyfuran-derived carbons, which elutes last in
the sequence. The longest retention time obtained on PF-600
KOH, and this material has the best separation performance
due to its good CO, capacity and highest CO,/N, and CO,/
CH, adsorption selectivities. We noted that there is a time
interval that we can get pure CH, or N, using the polyfuran-
derived carbons. We compare PFs with ZIF-7 using break-
through simulation under the same condition, shown in Figure
S9. The CO, and CH, adsorption data of ZIF-7 are from one
recently published paper by our group,®” and the N, adsorption
is obtained from a US Patent.”” It is worth to note that the time
intervals between two adsorbates are much shorter compared
to polyfuran-derived carbons. This implies that polyfuran-
derived carbons have a higher equilibrium separation ability of
CO,/CH,/N, than ZIF-7.
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4. CONCLUSION

Oxygen-doped microporous carbon materials were successfully
synthesized via a chemical activation of a polyfuran material
using KOH and ZnCl, as the progen agents. Compared the two
progens, KOH shows more advantages than ZnCl,, such as
preserving more O—C functional groups and narrower pore
size distribution. For the activation temperature, higher
activation temperature could create a larger specific surface
area and larger pore volume. However, higher action temper-
ature could cause a larger loss of the functional groups. The
CO, and CH, adsorption capacities are up to 4.96 and 2.27
mmol g~ for PF-800 KOH at 273 K and 1 bar. EDS images
and FI-IR curves show that oxygen was successfully doped on
the carbon surface. SEM images show different surface
properties were obtained using different activated agents.
Indeed, KOH activated samples show a high CO, adsorption
at low pressures, up to 2.5 mmol g' at P/P, of 0.2, which
explains why the PF materials displayed a very impressive CO,/
N, (41.7) and CO,/CH, (6.8) adsorption separation
selectivity. Transient breakthrough simulation was conducted
to confirm the potentials of using these carbons in industrial
applications. These unique features make the polyfuran-derived
carbons very promising adsorbents for CO, capture from flue
gas, biogas upgrading, and CH, storage.
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Chemical reagents and materials

Furan (Sigma Aldrich), Ferric Chloride (Sigma Aldrich), Potassium Hydroxide (90%,
flakes, Sigma Aldrich), Zinc Chloride (Sigma Aldrich), Hydrochloric Acid (Sigma
Aldrich), Methanol (Sigma Aldrich), Dichlorideethane (99%, Sigma Aldrich), CO2, CH4,
N2, and He (99.999%, Matheson Co.) All materials are used as received.
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Figure S1. FT-IR spectra of polyfuran-derived porous carbons
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Figure S2. Powder X-ray diffraction patterns of polyfuran and polyfuran-derived porous
carbons
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Figure S3. TGA plots of polyfuran-derived porous carbons

Figure S4. Raman spectra for polyfuran-derived porous carbons
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Figure SS. (a) SEM image for original polyfuran, (b) SEM image for PF-800 KOH, (c)
SEM image for PF-800 ZnCl,, (d) EDS image for original polyfuran, (¢) EDS image for
PF-800 KOH, (f) EDS image for PF-800 ZnCl,

Figure S6. (a) TEM image for PF-600 ZnCl,, (b) PF-600 KOH, (c) PF-800 ZnCl,, (d)
PF-800 KOH.
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Figure S7. Pore size distribution of polyfuran-derived porous carbons

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

q=4., ; (1)
"1+ bp
with 7-dependent parameter b
E
b = b, exp| — 2
0 p[ R Tj )



The Langmuir-Freundlich parameters for adsorption of CO, are provided in Table 1 for
PF-600 KOH, PF-600 ZnCl,, PF-800 KOH, and PF-800 ZnCl,.
The simpler single-site Langmuir model

bp E
=q,——; b=b,exp| —
q qsat 1+bp 0 p[RTj

was adequate for fitting the isotherm data for CH4 and N»; Table 2 and Table 3 provides
the 7-dependent Langmuir parameters for PF-600 KOH, PF-600 ZnCl,, PF-800 KOH,

and PF-800 ZnCl, for CH4 and N, respectively.

Table S5. Langmuir-Freundlich parameters for adsorption of CO, in polyfuran-derived

porous carbons.

Gsat by E v
mol kg! Pa™ k) mol™ dimensionless
PF-600 KOH 5.8 2.56x10° 21.8 0.77
PF-600 ZnCl, 9 5.7x10° 20.7 0.86
PF-800 KOH 8 5.35x10°® 19.3 0.75
PF-800 ZnCl, 8.9 5.13x10° 20.3 0.88
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Table S6. 1-site Langmuir parameters for CH4 in in polyfuran-derived porous carbons.

qsat by E
mol kg™! Pa! k) mol™
PF-600 KOH 2.8 1.62x10° 21.5
PF-600 ZnCl, 3.8 1.63x10° 19.8
PF-800 KOH 3.1 2.32x107° 20.7
PF-800 ZnCl, 3.8 2.06x107 19.5

Table S7. 1-site Langmuir parameters for N, in polyfuran-derived porous carbons.

gsat by E
mol kg! Pa™! k) mol™
PF-600 KOH 2.2 2.74x10° 16.9
PF-600 ZnCl, 3.1 2.08x107 16
PF-800 KOH 2.4 2.45x10° 17.5
PF-800 ZnCl, 3.1 3.11x107 154




Isosteric heat of adsorption

The isosteric heat of adsorption, Oy, defined as

were determined using the pure component isotherm fits using the Clausius-Clapeyron
equation, where QOst (kJ/mol) is the isosteric heat of adsorption, 7' (K) is the temperature,
p (kPa) is the pressure, R is the gas constant. The values of Q for CO,, CH,, and N, are

provided in Table S4 of PFs.

Table S8. Isosteric heats of adsorption of CO,, CH4 and N in polyfuran-derived porous

carbons.
Q. CO, Q.:, CHy Q, N,
kJ mol™ k) mol™ kJ mol™
PF-600 KOH 28.31 21.5 16.9
PF-600 ZnCl, 24.07 19.8 16
PF-800 KOH 25.7 20.7 17.5
PF-800 ZnCl, 23.07 19.5 15.4




TAST calculations

The adsorption selectivity for the mixtures CH4/N, and CO,/CH,4 defined by

S . = 9,/9
pl/pz

were calculated according to IAST model proposed by Myers | 1,2]. In above equation,
g1 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,/CH4, 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 [3.4].

In order to evaluate the different OACs, 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; see schematic in
Figure S8.

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
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conditions (see schematic in Figure S8), 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 [5].

1 Ptz 1 5("052)17,-(%2))_(1_5)p65i(t’z)~ i=12,.n

RT a RT 124 £ a

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 6 .(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
70== [ a,r.0ndr
q,' - 7’: o q\r,

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

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

qu(r,t): 11 a(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 [4]
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0q,
N. =—pb. —-
i P, or

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,(.2)=34,(.2)

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

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; ¢q,(0,z)=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.
tZOa pi(oat):pio; ”(Oat)zuo

where u 1s the superficial gas velocity at the inlet to the adsorber.

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

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

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

c
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diffusion limitations. It is common to use the dimensionless time, 7 = T obtained by
£

g . C Le . .
dividing the actual time, ¢, by the characteristic time, — when plotting simulated
u
breakthrough curves [3].

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

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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Figure S8. Schematic of the breakthrough apparatus.
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gas).
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Notation

Ci

Cio

pi

bt

q,(t)
Q.

re

v

Greek letters
&

yo)

Langmuir-Freundlich constant for species i at adsorption site A, Pa™
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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