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Abstract A 2D microporous electron-rich porous aromatic
framework JUC-Z2 with high physicochemical stability and
large surface area was studied in detail for their low-pressure
N, Ar, Hy, CO,, CHy sorption. Its hydrogen, methane,
and carbon dioxide storage capacities are 181 cm’g™!
(77 K/760 mmHg), 25 cm? g~ (273 K/760 mmHg), and
71 cm? g~! (273 K/760 mmHg), respectively. Gas molecule
recognition at 273 K was performed and results show only
greenhouse gases such as carbon dioxide and methane could
be adsorbed onto JUC-Z2.
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1 Introduction

Carbon dioxide emission deriving from the burning of fossil
fuels brings a pressing global environment problem, such
as global warming, sea level rise, and an irreversible in-
crease of the acidity levels of the oceans. There are many
efforts aimed at reducing greenhouse gas emissions and
moving toward a cleaner energy future even though sev-
eral technical challenges existed in each case. Employing
highly porosity materials as storage media in carbon cap-
ture and storage (CCS) (IPCC 2005) and clean energy ap-
plication is a promising strategy. In these decades, porous
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organic frameworks (POFs) such as metal-organic frame-
works (MOFs) (Yaghi et al. 2003; Mulfort et al. 2010;
Salles et al. 2010; Sumida et al. 2012; Guo et al. 2011),
covalent organic frameworks (COFs) (Coté et al. 2005;
El-Kaderi et al. 2007; Wan et al. 2008, 2009; Mohanty
et al. 2011), conjugated microporous polymers (CMPs)
(Jiang et al. 2007; Chen et al. 2010; Dawson et al. 2011;
Li et al. 2010), polymers of intrinsic microporosity (PIMs)
(McKeown et al. 2005; McKeown and Budd 2006; Ghanem
et al. 2010), hyper-crosslinked polymers (HCPs) (Wood
et al. 2007; Tsyurupa and Davankov 2002; Germain et al.
2007), and porous aromatic frameworks (PAFs) (Ben et al.
2009, 2011a, 2011b; Peng et al. 2011; Ren et al. 2010;
Yuan et al. 2011; Lu et al. 2011) have been synthesized and
their application in gas storage, catalysis, molecular recog-
nition were explored (Cao et al. 2009; Trewin et al. 2008;
Alam and Mokaya 2010). The first gas sorption method to
detect the pore structure of POFs was established by Yaghi
et al. and Williams et al. in 1998 and 1999 by Langmuir and
Brunauer-Emmett-Teller (BET) theory respectively, which
was proved to be a standard of characterization of porosity
of microporous organic frameworks (Eddaoudi et al. 1998;
Chui et al. 1999). In 2009, Yaghi and coworkers studied the
hydrogen, methane, and carbon dioxide in COFs for the first
time, which showed a significant gas storage capacities at
that time (Furukawa and Yaghi 2009).

In 2009, our group have developed a method to synthe-
sis the first long range ordered PAFs, PAF-1 (Ben et al.
2009), with dia topology, ultrahigh surface area (Spgr =
5640 m?g~!) and exceptional physicochemical stability
via a nickel(0)-catalyzed Yamamoto-type (Yamamoto 1999)
Ullmann cross-coupling (Zhou et al. 2007). Besides, PAF-1
also show very high uptakes of hydrogen (7.0 wt% excess
at 77 K/48 bar) and carbon dioxide (1.3 gg_l at 40 bar,
298 K) to make it a good candidate for gas storage. To
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our best knowledge, a very recent reported PPN-4 (Yuan
et al. 2011) have the highest surface area of 6461 m? g~!
among all microporous solids, which was synthesized by op-
timized Yamamoto-type Ullmann cross-coupling reaction.
This polymer was firstly reported by Cooper et al. (Sggt =
1102 m?2 g_l) (Holst et al. 2010) and our group (known as
PAF-3, Sper = 2932 m? g~ !) (Ben et al. 2011a). Combined
with such an impressive surface area, PPN-4 can adsorb
2121 mgg~! carbon dioxide (212 wt%) at 50 bar/295 K
and hydrogen 158 mgg~! at 77 K/90 bar and methane
389 mgg~! at 295 K/55 bar. Compared with MOFs, cova-
lently linked POFs such as CMPs, PIMs, HCPs and PAFs
share excellent physicochemical stability and high surface
area. According to these studies, the key features of such
ideal material are high porosity, large surface areas, high
physicochemical stability and suitable heats of sorption.

Previously we had reported a 2D microporous aromatic
framework JUC-Z2 with hcb topology (Ben et al. 2011b). It
was prepared via Yamamoto-type Ullmann cross-coupling
reaction combining the thermodynamic strength of covalent
bond with the triphenylamine (TPA) unit. TPA possesses a
central nitrogen atom and three electron-rich phenyl groups,
which intrigued us to design and synthesize JUC-Z2 with
hcb topology by self-polymerization of C3 TPA derivatives.
Since JUC-Z2 entirely constructed from electron-rich sec-
ondary building unit (SBU) and strong covalent bond, it has
high thermal stabilities (430 °C), combined with high sur-
face area (Spgr = 2034 m?g~!). According to our previ-
ously study, PAFs show high uptakes and high selectivity
of greenhouse gases such as CO; and CH4. Herein, we re-
port the application of JUC-Z2 in clean energy storage and
greenhouse gases capture.

2 Experimental section
2.1 TGA experiment

The thermogravimetric analysis (TGA) was performed us-
ing a SHIMADZU DTG-60 thermal analyzer with a ramp
rate of 10 °Cmin~"! in dry air atmosphere.

2.2 CO; cyclic adsorption and regeneration measurement

CO; cyclic adsorption (25 °C) and regeneration (85 °C)
was measured on SHIMADZU DTG-60 thermal analyzer in
ultra-high-purity grade carbon dioxide atmosphere. In this
case, 2.26 mg sample was heated from 25 °C to 85 °C at
the heating rate of 10 °C min_l, and then cooled to 25 °C in
ultra-high-purity grade carbon dioxide.
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2.3 Low-pressure gas adsorption measurements

Samples of a known weight (50 mg) were loaded into a
pre-weighed sample tube. The sample was immersed in wa-
ter, ethanol and chloroform respectively to remove solvent
residue and starting materials in the pore. All the volatile
entities were removed by heating at 200 °C under vacuum
for 10 h. Low-pressure Ar, H, CHs and CO, adsorption
measurements (up to 760 mmHg) were performed on Mi-
cromeritics ASAP 3020 surface area and porosimetry ana-
lyzer. After evacuation, the tube containing degassed sam-
ples were precisely weighted again to obtain the mass of
evacuated samples. Ultra-high-purity grade Ar, Hy, COy
(99.999 % purity) and CHy4 gases (99.99 % purity) were
used for all adsorption measurements. Free space was mea-
sured using helium (99.999 % purity), assuming that the he-
lium is not adsorbed at any of the studied temperatures. Ho
isotherms at 77 K were measured in a liquid nitrogen bath,
H; isotherms at 87 K were measured in liquid argon bath,
H,, Ar, N», CO, and CHy4 isotherms at 273 K were mea-
sured in an ice-water bath.

3 Results and discussion
3.1 Material synthesis and characterization

The as-synthesized sample JUC-Z2 were obtained accord-
ing the published literatures (Ben et al. 2011b). Yamamoto-
type (Yamamoto 1999) Ullmann reaction (Zhou et al.
2007) route was used to synthesize JUC-Z2, in which
Ni(COD); catalyst would restrict the cross-coupling of para-
tribromotribenzylaniline (TBTA) monomer at the 4-position.
To verify the identity, Fourier transform infrared (FTIR),
powder X-ray diffraction (PXRD), thermogravimetric anal-
ysis (TGA), and N; adsorption measurement were per-
formed on the sample. The results demonstrated that the
as-synthesized sample with hcb topology exhibited well-
defined uniform micropore distribution (1.2 nm), high sur-
face area (SggT = 2034 m> g_1 ), high physical stability (sta-
ble up to 430 °C). These confirmed the success of synthesis.

3.2 Hydrogen storage

Hydrogen storage is of great interest as a possible substitute
for fossil fuels for zero-emission energy technology. We first
investigated the hydrogen storage properties of JUC-Z2 be-
cause it has suitable micropore, large surface area, microp-
orous volume, and stability against moisture which makes it
proper for clean energy storage.

The low-pressure Hj isotherms of JUC-Z2 were shown
in Fig. 1. In the case of JUC-Z2, an initial steep increase in
H> uptake at low pressure is observed, which is common in
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PAFs (Ben et al. 2009, 2011a, 2011b; Peng et al. 2011; Ren
et al. 2010; Yuan et al. 2011). The hydrogen isotherms with
unsaturated loaded and no hysteresis loops confirmed the
physisorption reversibility. In this low-pressure range, JUC-
72 exhibits the maximum hydrogen uptake (181 cm? g~!)
corresponding to 1.62 wt% at 77 K and it appears to be
123 cm?® g~! at 87 K. This H, uptake is almost the same
as PAF-1 (186 cm? g~! at 77 K/1 bar) reported by us previ-
ously (Ben et al. 2011a). Microporous volume and surface
area of JUC-Z2 were not only the factor impacting the ca-
pacity of hydrogen uptake; H» heat of adsorption (Qgw2)
related to the Hy-adsorbent interaction was 6.8 kJ mol~!,
which was calculated with Clausius-Clapeyron equation
from the sorption data collected at 77 K and 87 K.

3.3 Methane storage

Concerning over the carbon dioxide emission resulting
from the burning of high-carbon fossil fuels, such as coal
and petroleum, alternative fuel methane which is featured
by higher hydrogen-carbon ratio, low cost, huge reserves
around the world, becomes a good candidate. However,
methane can’t be liquefied at room temperature which will
cost much on transporting and storage. Previously reports
revealed that methane could be adsorbed in microporous
materials and reversibly released at mild condition. During

the sorption process, host framework holds guest methane
via H—mr interaction, it is anticipated that JUC-Z2 with aro-
matic building blocks and lone pairs at the nitrogen atoms
will posses optimal methane uptake.

The adsorption isotherms of CH4 were measured at
273 K and 298 K with activated JUC-Z2; it shows a nearly
linear isotherm in a pressure change within 760 mmHg
(Fig. 2). The uptake value of CHy was 25 cm? g~ ! at 273 K
and 760 mmHg, corresponding to 1.76 wt%. When the tem-
perature increased to 298 K, the CH4 uptake decreased to
13 cm3 g~ at 760 mmHg. The CHy4 heat of adsorption
(QsicHa for short) is 17.1 kI mol~!. Which is higher than
PAF-1 (Ben et al. 2011a) (Qgchs = 14.0 kImol™!) sug-
gests that the electro-rich framework has special strong in-
teractions with CHy.

3.4 Carbon dioxide storage

Figure 3 shows the low-pressure adsorption and desorption
properties for CO, determined through the volumetric mea-
surements at 273 K and 298 K. No hysteresis on adsorption
and desorption isotherms demonstrate the reversible process
of CO; storage in JUC-Z2. The electron-rich JUC-Z2 has
an exceptionally high density of binding sites with a strong
affinity for CO», it is expected that 0.76 CO, occupied one
SBU of JUC-Z2 at 273 K and 760 mmHg, resulting in
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298 K, JUC-Z2 has a heat of adsorption of 23.1 kJ mol~! 2 a0 1%°
which is stronger than physical sorption interactions (about 88
5-20 kJ mol~1) for storage considerable greenhouse gases, 20 L ] o8
but weaker than strong chemisorptive interactions el ]

(>50 kI mol™") for regeneration sorbent. Additionally, the
heat of sorption curve does not change significantly with the
increase of CO, loaded. These impressive uptake and ad-
sorption enthalpies of JUC-Z2 exhibit potential application
in CCS.

3.5 CO; cyclic adsorption and regeneration

The above mentioned experiments indicated that JUC-Z2
shows great promising to be a CO, adsorber with high CO,
storage capacity, chemical stability towards H,O, O, as well
as good thermal stability. However, concerns were raised
over the penalty of energy to regenerate the materials af-
ter CO, adsorption. Figure 4 shows the CO; cyclic adsorp-
tion (25 °C) and regeneration (85 °C) of JUC-Z2 at ambient
pressure. It undergoes an regeneration process at 85 °C from
the adsorption condition at 25 °C with the weight change
of 3.78 %, subsequently, the weight change of 3.72 % was
observed in the second CO; adsorption and regeneration cy-
cle, while the weight change was found to be 3.73 % in the
third cycle, which implies excellent repeatability when ap-
plying JUC-Z2 as a CO; adsorber. The reversible and stable
adsorption and regeneration process at ambient temperature
and pressure is a key factor in the capture of greenhouse gas
carbon dioxide.

3.6 Gas recognition

There are two main carbon capture technologies to re-
duce CO;, emissions to the atmosphere, namely precom-

@ Springer

0 50 100 150 200 250 300 350
Time / min

Fig. 4 CO; cyclic adsorption (25 °C) and regeneration (85 °C) of
JUC-Z2 (black), temperature in red

bustion (predominantly CO,/H; separation) and postcom-
bustion (predominantly CO,/N, separation after flue gas
is dried) (Trachtenberg et al. 2007). Postcombustion flue
gas emitted from coal-fired power plants at a total pres-
sure of 1 bar consists of 15-16 % CO,, 6-7 % H,0, 3—
4 % O, and about 70 % N, therefore the partial pres-
sure of CO; is 0.13-0.16 bar (Granite and Pennline 2002;
Jassim and Rochelle 2006; Lee and Sircar 2008; White et al.
2003). For the separation of CO, and CH4 from N3 in flue
gas and natural gas respectively, sorbents with high and re-
versible gas uptake, high gas selectivity, good physicochem-
ical stability and low cost are desired. Figure 5 compares
the amounts of CO,, CHy4, N>, H, and Ar adsorbed in low-
pressure range at 273 K on JUC-Z2, respectively. Almost no
adsorption of N>, Hj, Ar is observed, while CH4 and CO;
adsorption show much stronger at 760 mmHg. It demon-
strated that JUC-Z2 could efficiently separate CO, and CHy
from H,, Ar and Nj. The observed results are consistent
with the hypothesis that CO, and CHy could be concentrated
primarily at typical atmospheric condition.
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CHy (purple) sorption of JUC-Z2 at 273 K

4 Conclusion

In conclusion, the results above demonstrate the importance
of electron-rich JUC-Z2 for CO; capture and Hy, CHy stor-
age. Electron-rich aromatic blocks and nitrogen atoms with
lone pairs make JUC-Z2 a Lewis base, showing strong inter-
action with electron poor CO; molecular. In addition, high
electron density structure leading to strong H-m interaction
between CHy and JUC-Z2. These make JUC-Z2 show high
CH4 uptake and selectivity. The high amount of CO, ad-
sorbed by JUC-Z2 at ambient condition and impressive se-
lectivity for CO, over Nj as well as low consumption re-
generation process suggests JUC-Z2 to be an effective CO»
catcher. The H,, CO,, CHy storage capability of electron-
rich aromatic framework JUC-Z2 make it greatly promis-
ing for applications dealing with environmental greenhouse
gases pollutant problems.
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