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IAST calculations reveal that sulfonate ammonium salt grafting
renders porous polymer networks (PPN-6-SO3NH4) with exceptionally high adsorption selectivity for CO2 over N2 and CO2 over CH4.
Breakthrough experiments conﬁrm the high CO2 adsorption capacity
(1.7 mmol g 1, 75 mg g 1) by feeding 15% CO2 balanced with N2 at
295 K and 1 bar.

For decades, aqueous amine solutions have been extensively
used for the removal of CO2 from natural gas or ue gas streams
in coal-red power plants. The strong chemical interaction
between amine and CO2 molecules is a double-edged sword, on
the one hand, it endows the amine solutions with high capacity
and selectivity for CO2 over other small gas molecules, on the
other hand, it necessitates high temperature to release the CO2,
the heat-up of aqueous solutions requires a signicant amount
of energy due to its high heat capacity, as a result, the regeneration cost adds up to ca. 30% of the power produced by the
power plant.1–3 Largely for this reason, intensive research
activities have been dedicated to addressing this energy penalty
issue.
Porous materials are deemed to be promising candidates to
replace aqueous amine solutions because of their energyconserving advantages, such as easily taking up and releasing
CO2, low heat capacity, as well as high gas ow rate.4–13 A great
deal of eﬀort has been expended in recent years on exploring
porous materials for this particular purpose. Though there is
some progress, even the top performers are still more or less
short of real practical applications.
Aside from regeneration cost, there are several other critical
criteria to satisfy before porous materials can actually make
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Broader context
Massive generation of CO2 from power plants using fossil fuels has an
enormous impact on the global climate and environment. Of the many
CO2 capture strategies that have emerged, the only deployed technology in
industry is “amine scrubbing”. It involves absorption of CO2 into an
aqueous solution of amine at ambient temperature and regeneration of
amine by stripping with hot water steam. While amine scrubbing can
eﬃciently achieve CO2 capture, it suﬀers from high parasitic energy
consumption of over 30%. Moreover, the caustic and volatile nature of
liquid amine absorbent has an adverse environmental impact. Porous
materials are deemed to be promising candidates to address the above
challenges because of their energy-conserving advantages, such as easily
taking up and releasing CO2, low heat capacity, as well as high gas ow
rate. Sulfonate ammonium salt graed porous polymer networks (PPN-6SO3NH4) show exceptionally high adsorption selectivity for CO2 over N2
and CH4. Breakthrough experiments conrm the high CO2 adsorption
capacity under simulated ue gas conditions. The resulting outcome of
this technology development eﬀort will be a signicant increase in CO2
capture capacity and reduction in gas separation costs which will provide
an advanced alternative to “amine scrubbing”.

their way to replace amine solutions: (1) stability: MgMOF-74
can reach an unprecedented working capacity of 17.6 wt%,14
however, the eﬀect of humidity on the performance of MgMOF74 is discouraging, only 16% of the initial CO2 capacity was
recovered aer exposure at 70% relative humidity,15 which
raised doubts on its long-term stability under harsh ue gas
conditions and concerns about the added cost potentially
associated with ue gas dehumidication; (2) high CO2 capacity:
porous materials, such as MOF-210,16 NU-100,17 PAF-1,18 PPN4,19 and others,12,20,21 have been deemed to be viable storage
alternatives because of their high porosity and therefore
signicantly increased accessible contact area with gas molecules. Indeed, these materials showed the record high storage
capacities at high pressures. Unfortunately only moderate CO2
uptake capacities were observed under ambient conditions due
to the weak interaction between the materials and the CO2 gas
molecules; (3) high selectivity: to design porous materials for
separating CO2 from other gases such as CH4 and N2, there are
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two important parameters we have to keep in mind; one is CO2
gas molecules having relatively small kinetic diameter (3.3, 3.6,
and 3.8 Å for CO2, CH4, and N2, respectively)22 and the other is
CO2 gas molecules having much larger quadrupole moment,23
which causes CO2 gas molecules to have much higher polarizability, therefore much stronger electrostatic interactions with
sorbents. An obvious strategy to provide both the aforementioned properties is to incorporate functionalities, which could
possibly reduce each cavity to better match the size of CO2 gas
molecules; more importantly, the added strong adsorption sites
can greatly boost CO2 adsorption capacity,24–30 although it will
also help N2 and CH4 adsorption capacities to some extent, it
could easily be oﬀset by the loss of surface area due to the
incorporated functionalities taking up space. For example, the
CO2 adsorption capacity of PPN-6-CH2EDTA is lower than that
of MgMOF-74 at low pressures, but its N2 adsorption capacity is
much lower because of its much smaller surface area; in all,
PPN-6-CH2EDTA has much higher CO2/N2 adsorption
selectivity.31
Porous polymer networks (PPNs), a class of purely organic
materials with surface areas comparable to metal–organic
frameworks (MOFs), exhibit much higher physicochemical
stability due to covalent bonding in the network construction;32
this, despite the fact that most of them are amorphous, is
desirable in practical applications. On the other hand, PPNs are
superior to other amorphous materials, such as porous carbons,
in terms of interaction with gas molecules. The frequent utilization of aromatic rings lends PPNs with high adsorption
enthalpy for CO2 due to the uneven distribution of electron
density in the aromatic system; moreover, the introduction of
functionalities is feasible because aromatic rings are known for
their susceptibility to organic reactions, such as electrophilic
aromatic substitutions.
Previously we have reported the synthesis of sulfonate-graed
PPNs (PPN-6-SO3H and PPN-6-SO3Li);33 their preferential CO2
adsorption at low pressures can be attributed to the reduced pore
size and added strong adsorption sites (sulfonate groups). To
further increase the CO2 adsorption capacity at low pressures, an
intuitive approach is to construct multiple strong adsorption
sites, as in the case of PPN-6-SO3Li,33 in which the lithium cation
can be viewed as an added adsorption site for CO2. Aside from
metal cations, N-containing groups have been intensively
studied for this particular purpose due to their basicity.

Here we report the synthesis of PPN-6-SO3NH4 by simply
mixing PPN-6-SO3H and ammonia hydroxide (Scheme 1). The
as-synthesized sample was washed thoroughly with methanol
and water, and then dried under high vacuum at 120  C for
10 hours prior to any characterization and measurements.
Elemental analysis conrmed the quantitative conversion
(Table S5†). The added merits of forming sulfonate ammonium
salt in PPN are two-fold: (1) the added NH4 moiety is a strong
binding site for CO2, as evident in its much higher CO2
adsorption capacity at lower pressures (Fig. 1b); (2) the basicity
of the amine group is signicantly reduced owing to electron
delocalization to the p orbital of sulfur, therefore no chemical
interaction (between CO2 and ammonia) was observed, as
evident in its reversible CO2 isotherms and no obvious hysteresis loops (Fig. S11†).
As a result of the incorporation of a NH4 moiety, the surface
area of PPN-6-SO3NH4 continues to drop signicantly to 593 m2
g 1, which indeed is only about half of that of PPN-6-SO3H
(Fig. 1a). However, at 0.15 bar and 295 K, PPN-6-SO3NH4 has the
highest CO2 adsorption capacity (Fig. 1b), which suggests that
the CO2 adsorption capacity is determined by the number of
strong adsorption sites at low pressures; as pressure goes up,
strong adsorption sites are all occupied, and surface area
weighs in. The three sulfonate-functionalized PPNs end up with
similar CO2 adsorption capacity at 1.0 bar.
The strong interaction between CO2 and sorbents can be
quantied with adsorption enthalpy, as calculated from variable-temperature CO2 isotherms. As we can see from Fig. 2a,
PPN-6-SO3NH4 has 40 kJ mol 1 adsorption enthalpy at zeroloading, which is comparable to other top-performing materials
in the literature, such as Mg-MOF-74 ( 39 kJ mol 1)34 and NaX
( 43 kJ mol 1).34 These values fall well within the range of what
is considered to be an ideal adsorption enthalpy for CO2
scrubbing from ue gas.35 Under ambient conditions, low CO2
adsorption enthalpy leads to low CO2 adsorption capacity at low
pressure and low CO2 over N2 selectivity, while higher
enthalpies will raise regeneration costs because of the energy
input required for the reverse process; extra energy is needed to
break up the strong binding between the adsorbent and CO2, as
in the case of 30% MEA solution, which has 84 kJ mol 1
adsorption enthalpy,34 and is very eﬃcient in terms of CO2
capture due to the chemisorption nature, however, it is also very
diﬃcult to be fully regenerated. Thus, a balance has to be struck

Scheme 1

Fig. 1 (a) 77 K N2 sorption isotherms, adsorption (C)/desorption (B); (b) 295 K
CO2 adsorption isotherms. PPN-6 (red), PPN-6-SO3H (green), PPN-6-SO3Li (blue),
and PPN-6-SO3NH4 (black).

Synthetic route for sulfonate functionalized PPNs.
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Fig. 2 (a) Adsorption enthalpy Qst, as calculated with adsorption curves at three
diﬀerent temperatures; (b) adsorption selectivity of CO2 over N2 and CO2 over CH4
as calculated from the initial slope ratio method; (c) IAST adsorption selectivity for
CO2 over N2 calculated under conditions of 15% CO2 balanced with N2 and 313 K;
(d) IAST adsorption selectivity for CO2 over CH4 as a function of CO2 concentration
calculated under the condition of CO2/CH4 mixture gas at 295 K and 1 bar.

between adsorption enthalpy and regeneration energy. It is
worth pointing out that the high energy requirement for the
regeneration of aqueous amine solution not only stems from
the high adsorption enthalpy of chemisorption, but also from
the high heat capacity of the aqueous amine solution (approx.
3.5 J g 1 K 1),36 whereas the heat capacity of PPN-6-SO3NH4 is
less than half. Therefore, the regeneration energy for PPN-6SO3NH4 would be substantially lower than for aqueous amine
solution.
One of the common methods to evaluate gas adsorption
selectivity involves the use of initial slope ratios (Henry's law
constants) for single-component adsorption isotherms.37 As the
name implies, the selectivity is calculated as initial slope (CO2)/
initial slope (N2) by using their CO2 and N2 single-component
isotherms. However, it cannot give the real gas selectivity from
the binary gas mixture because other selectivity factors are not
taken into consideration, such as competition of gas molecules
for adsorption sites. Nevertheless, this method is rather useful
and convenient to compare the performance between diﬀerent
porous materials for adsorption selectivity. Therefore, we remeasured the gas adsorption isotherms by dosing a very small
amount at a time; PPN-6-SO3NH4 shows initial-slope-ratio
selectivities of 196 (CO2/N2) and 40 (CO2/CH4) at 295 K (Fig. 2b).
These values are higher than some of the top performers in the
literature under similar conditions, such as Bio-MOF-11 (CO2/N2
selectivity of 75 at 298 K)38 and BLP-10 (CO2/CH4 selectivity of 40
at 273 K).39 PPN-6-SO3NH4 also exhibits very high CO2/H2 (1722)
and CO2/CO (109) initial-slope-ratio selectivities (Fig. S13†).
Ideal Adsorption Solution Theory (IAST), developed by Myers
and Prausnitz,40 has been widely used to predict mixture gas
adsorption behavior within adsorbents. The inputs to the IAST
calculation are the pure-component adsorption isotherms at
the temperature of interest, and the output is a prediction of
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mixture adsorption equilibrium. The accuracy of IAST for estimating component loadings for adsorption of a wide variety of
binary mixtures in zeolites has been established with the aid of
Congurational-Bias Monte Carlo (CBMC) simulations.41,42
Specically, it has previously been applied to predict the separation of CO2 from N2 within porous materials.24,43–49 Under
simulated ue gas conditions (15% CO2, 85% N2, and 313 K),
the calculated IAST for PPN-6-SO3NH4 is shown in Fig. 2c. At low
pressure, the IAST adsorption selectivity is similar to the CO2/N2
pure gas uptake ratio at their partial pressures because most
adsorption sites are unsaturated. With the rising pressure and
loading, the competition for adsorption sites between CO2 and
N2 intensies; therefore the IAST adsorption selectivity rises
dramatically due to the much higher aﬃnity of CO2 to the
network. As a result, the IAST adsorption selectivity for PPN-6SO3NH4 is calculated to be 796 at 1 bar, which is more than
10 times the CO2/N2 pure gas uptake ratio at their partial
pressures (77, Table S3†), and being the highest value at 313 K
reported to date. Based on the IAST calculation, the PPN-6SO3NH4 material can accumulate the CO2 concentration to as
high as 99.3% under ue gas conditions (Table S3†).
The CO2 concentration varies much in natural gas; thus we
plot the IAST adsorption selectivity of CO2 over CH4 as a function of CO2 concentration under conditions of 295 K and 1 bar
(Fig. 2d). The value is 35 at very low CO2 concentration; as the
CO2 concentration goes up, the IAST adsorption selectivity goes
up rapidly. Under the condition of 50% CO2 balanced with 50%
CH4, which is commonly used in the literature, the IAST
adsorption selectivity for PPN-6-SO3NH4 is calculated to be 180,
the value being one of the highest among all porous polymers
reported so far.38,39,50,51 With the IAST calculation, we can estimate CO2 enrichment potential for PPN-6-SO3NH4. Based on
the IAST calculation, the PPN-6-SO3NH4 material can accumulate CO2 to as high as 99.5% out of a gas mixture of 50% CH4
and 50% CO2 (Table S4†).
Recent studies have shown that a temperature swing
adsorption (TSA) regeneration process would be signicantly
less energy consuming than pressure swing adsorption (PSA)
and thus, more applicable in a real world application scenario
for CO2 capture from ue gas.14 To nd out the appropriate
regeneration temperature, thermogravimetric analysis (TGA) for
PPN-6-SO3NH4 in air was evaluated, as we can see from
Fig. S18,† the sample was heated and kept at 150  C for 999 min,
no obvious weight loss was observed during this period, therefore, it is condent to say that 150  C is the safe regeneration
temperature for this material.
With the thermostability knowledge, we collected CO2
adsorption isotherms for PPN-6-SO3NH4 at diﬀerent temperatures; Fig. 3 illustrates the working capacity of PPN-6-SO3NH4
with a temperature swing over a DT from 40 to 150  C for a ue
gas simulant (15% CO2 balanced with N2). The amount adsorbed at 40  C, 0.15 bar (q1) is 4.8 wt% and upon heating the
sample to 150  C and releasing CO2 at 1 bar (q2), only 1.2 wt% is
adsorbed, thus generating a working capacity of 3.6 wt% (q1
q2) at 150  C. The working capacity drops to 2.1 wt% if heated up
to 120  C. We could get higher working capacity if purging was
applied aer heating up, but at the expense of extra energy.
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Fig. 3 TSA working capacity for PPN-6-SO3NH4 under ﬂue gas conditions (15%
CO2 balanced with N2), calculated with single gas (CO2) isotherms at diﬀerent
temperatures, the amount adsorbed at 40  C, 0.15 bar (q1) subtracted by the
amount adsorbed at 150  C, 1 bar (q2).

The working capacity value of PPN-6-SO3NH4 is comparable to
the working capacity of MEA solutions, which are typically
heated under ue gas conditions to about 120  C and can
achieve working capacities of about 2.1 to 5.5 wt% depending
on the scrubbing process used in the study.52,53
To conrm the high working capacity and dynamic cycling
behavior, temperature dependent gravimetric adsorption was
studied by using a TGA under ue gas simulant and pure CO2
conditions. Aer heating PPN-6-SO3NH4 at 150  C for 30 min, the
sample was cooled down and kept at 40  C for 60 min. As we can
see from Fig. S16,† by owing a ue gas simulant (CO2/N2
15 : 85), an experimental mass change of 4.5 wt% (green line) was
realized and further cycling experiment does not lead to a visible
decrease of the mass change. The value matches very well with
the diﬀerentiation between the amount of CO2 adsorbed at 40  C
(4.8 wt%) and 150  C (0.2 wt%) at 0.15 bar, which emphasizes the
capability of PPN-6-SO3NH4 as a sorbent to remove CO2 from ue
gas; by owing pure CO2, an experimental mass change of 10.4 wt
% (black line) was realized and further cycling experiment does
not lead to a visible decrease of the mass change. The value is
also very close to the diﬀerentiation between the amount of CO2
adsorbed at 40  C (12.1 wt%) and 150  C (1.2 wt%) at 1.0 bar.
To verify the separation results calculated by IAST we
measured the separation of CO2 from the CO2/N2 binary
mixture in a xed-bed (345 mg of PPN-6-SO3NH4 packed in a
stainless steel tube with an inner diameter of 8 mm and a length
of 80 mm). Breakthroughs of the following gas composition
have been measured (pure CO2, 50% CO2/50% N2, 15% CO2/
85% N2). The breakthrough was run at environmental pressure
and 40  C as well as 23  C for each gas composition two times.
We measured the bed temperature in situ at the end of the
packed bed, having a thermocouple sticking into the material.
Furthermore we measured the pressure drop over the packed
bed to ensure a low pressure drop (see ESI†).
The adsorbent was rst activated by heating to 95  C in
helium with a ow rate of 20 mL min 1 for 24 hours. Aer that
breakthrough experiments were carried out.
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For all experiments the pressure drop was lower than
10 mbar and was neglected for further analysis. The temperature reached a constant level before reaching the continuous
state (Fig. 4, bottom) of the experiment; therefore we made the
assumption of a homogeneous adsorption temperature. We
evaluated the CO2 uptake from the breakthrough data as
explained in the ESI.† The empty volume was measured with an
argon/helium experiment as can be found in the ESI† as well.
We obtained clear breakthrough curves from the experimental data (Fig. 4, top). In the example we show the breakthrough of a 15% CO2/85% N2 gas mixture at 40  C and 1 bar. As
expected the curves indicate a highly selective adsorption of CO2
over N2 in the framework.
The measured breakthrough curve (Fig. 4) can be divided
into three stages. Stage 1 (120–250 s), both CO2 and N2 ll the
system while He will be pressed out of the empty volume. Stage
2 (starting from 250 s), while the breakthrough of N2 is detected
the CO2 concentration in the outlet remains zero because it is
captured by the adsorbents. Stage 3 (>700 s), aer the breakthrough, the CO2 concentration reaches the input composition.
According to the breakthrough curve at 40  C, 1 bar, and 15%
CO2, we can calculate the CO2 uptake of PPN-6-SO3NH4 to
1.15 mmolCO2 per g, which is in good agreement with the pure
gas CO2 adsorption data (1.13 mmolCO2 per g).
Fig. 5 demonstrates good agreement between adsorption
isotherms of pure CO2 on PPN-6-SO3NH4 and the calculated
CO2 adsorption capacities using the breakthrough experimental
data. The measured results are consistent with the predicted
solution (IAST calculation) that the CO2 adsorption capacity is
not dependent on the N2 fraction in the gas phase. Selectivity
was not calculated from the breakthrough data because the
necessary in situ ow measurement in the outlet of the system
has not been integrated in our measurement setup.
The CO2 saturated PPN-6-SO3NH4 was subjected to an argon
purge ow of 10 mL min 1 at 90  C. Aer approximately 100
minutes, no CO2 was detected in the eﬄuent stream. Successive
regeneration experiments show that PPN-6-SO3NH4 retains almost
100% of its intrinsic capture capacity aer mild regeneration.

Fig. 4 (Top) CO2/N2 (15 : 85) breakthrough curves at 40  C for the PPN-6SO3NH4 under dry conditions. The ﬂow rate is 10 mL min 1. (Bottom) In situ
temperature at the end of the packed bed.
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Fig. 5 ( ) Pure CO2 adsorption isotherm at 295 K; ( ) pure CO2 adsorption
isotherm at 313 K; ( ) CO2 adsorption capacity at 295 K, calculated from breakthrough curves with 15/85 CO2/N2, 50/50 CO2/N2, pure CO2 as feeding gas,
respectively. ( ) CO2 adsorption capacity at 313 K, calculated from breakthrough
curves with 15/85 CO2/N2, 50/50 CO2/N2, pure CO2 as feeding gas, respectively.

Further cycling experiment does not lead to visible reduction of
the capture capacity. The results signify that PPN-6-SO3NH4 can
achieve a high-capacity separation under mild conditions for
regeneration. High CO2 capture capacity and separation selectivity, easy handling and facile regeneration ability are desirable
and indispensable properties for practical CO2 capture applications. Hence, the dynamic results also conrm that PPN-6SO3NH4 is extremely selective for adsorbing CO2 over N2 and
represents a major advance in CO2 separation capacity.

Conclusions
We have shown that we can rationally build porous polymer
networks with multiple adsorption sites for binding CO2 under
ambient conditions. PPN-6-SO3NH4 was demonstrated to have
exceptionally high CO2 capacity at low pressures and CO2 over
N2 selectivity by using a variety of methods. Given the
outstanding physicochemical stability (Fig. S20†) and mild
regeneration requirements, it has great potential for practical
application in a post-combustion CO2 capture technology.
Although very eﬃcient, aqueous amine solutions have drawbacks such as boil-oﬀ, fouling of the equipment, being oxidized
especially at elevated temperatures, etc. Therefore, it was viable
for PPN-6-SO3NH4 to edge out aqueous amine solutions if we
could bring down the production cost of scale-up, which, as a
matter of fact, would ultimately be linked to recyclability and
lifetime, and cannot easily be calculated from lab-scale
experiments.
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