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ABSTRACT 

Here, we report a porous covalent triazine-piperazine linked polymer (CTPP) featuring 3D 

nanoflower morphology and enhanced capture/removal of CO2, CH4 from air (N2), essential to 

control greenhouse gas emission and natural gas upgrading. 
13

C solid-state NMR and FTIR 

analyses and CHN and X-ray photoelectron spectroscopy (XPS) elemental analyses confirmed 

the integration of triazine and piperazine components in the network. Scanning electron 

microscopic (SEM) and transmission electron microscopic (TEM) analyses revealed a relatively 

uniform particle size of approximately 400 to 500 nm with 3D nanoflower microstructure, which 

was formed by the self-assembly of interwoven and slight bent nanoflake components. The 

material exhibited outstanding chemical robustness under acidic and basic medium and high 

thermal stability up to 773 K. The CTPP possess high surface area (779 m
2
/g) and single-

component gas adsorption study exhibited enhanced CO2 and CH4 uptake of 3.48 mmol/g, 1.09 

mmol/g, respectively at 273 K, 1 bar; coupled with high sorption selectivities for CO2/N2 and 

CH4/N2 of 128 and 17, respectively. The enriched Lewis basicity of the CTPP favors the 

interaction with CO2, which results in an enhanced CO2 adsorption capacity and high CO2/N2 

selectivity. The binary mixture breakthrough study for the flue gas composition at 298 K showed 

a high CO2/N2 selectivity of 82. CO2 heats of adsorption for the CTPP (34 kJ mol
-1

) were 
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realized at the borderline between strong physisorption and weak chemisorption (QstCO2; 25-50 

kJ mol
−1

) and low Qst value for N2 (22.09 kJ mol
-1

), providing the ultimate validation for the high 

selectivity of CO2 over N2. 

 

Keywords: Covalent triazine-piperazine polymer, 3D Nanoflower, Chemical robustness and 

thermal stability, Lewis basicity, Flue gas and natural gas, mixture breakthrough study 

 

1. Introduction 

The rapid increase in atmospheric CO2 is a major environmental issue due to its adverse effects 

on the environment, such as global climate change and ocean acidification.[1] This has, in turn, 

necessitated technology and materials development for effective and economical CO2 capture. 

Flue gas, which contains approximately 10 to 15% CO2, is considered one of the main CO2 

emission sources.[2, 3] The commercial aqueous amine scrubbing process is corrosive and 

energy intensive and thus economically and energetically unfeasible in a large scale capture 

applications.[4, 5] To date, related to the gas separation/purification various technologies have 

been developed such as cryogenic distillation, membrane separation, and 

adsorption/separation.[6] Among of them adsorption/separation by the porous solid adsorbents 

has been proposed as a feasible alternative.[5, 7, 8] Pivotal research effort has been focused on 

the development of new adsorbents and processes related to the carbon capture and sequestration 

(CCS) technology. In principle, physisorption in porous solid adsorbents offers lower-energy 

penalty than amine scrubbing, but in the present scenario it has not yet been realized in a 

practical and scalable way in the stationary point sources.[5] The main issues are still related to 
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the material properties since capture of CO2 from flue gas requires not only high adsorption 

capacity, but also high selectivity and high material stability.[5, 9, 10] 

Several classes of porous materials are under investigation including metal-organic frameworks 

(MOFs),[11-14] covalent organic materials (COMs),[9, 15-17] activated carbons,[18-20] and 

amine-functionalized silicas, etc.[21, 22] Although MOFs material usually exhibited high uptake 

and sorption selectivity, yet COMs hold potential compared to MOFs, since the covalent bond is, 

in general robust and stable, whereas metal-ligand bonds (M-L) tend toward instability 

(oxidation, hydrolysis) owing to the dative nature of the M-L bonds.[9, 11, 23] Recently, a new 

class of triazine-based covalent framework materials has showed very promising properties such 

as high thermal and chemical stability and enhanced CO2 adsorption capacity and selectivity due 

to enriched Lewis-base sites in the structure. The first structure of its kind was reported by 

Thomas et al. and named as CTF-1.[24] Since then, a series of CTF structures have been 

developed including CTF-2,[25],
 
CTF-0,[26], PCTF-1 and PCTF-2,[27] and a fully fluorinated 

framework FCTF-1.[28] However, these CTFs were synthesized under harsh conditions that 

required high temperatures (> 673 K) in presence of molten ZnCl2 in sealed tubes and expensive 

cyanobenzene derivatives as starting materials.  

 

Solvothermal syntheses under mild conditions have also been tried, but often leads to amorphous 

polymeric structures with low surface area.[29-33] For example, reported COP-1 and PAF-6 has 

been synthesized using cyanuric chloride and piperazine as the starting components.[29, 30] The 

obtained materials possessed low surface area around 160 ~ 189 m
2
/g and low CO2 uptake 

(~1.36 mmol/g). Here, we report a new solvothermal synthesis procedure of this system, which is 

described in scheme 1. In the presence of a proton scavenger, N,N- diisopropylethylamine, 
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(DIPEA), cyanuric chloride and piperazine was polymerized into a novel porous material, which 

is named as CTPP. The structure of CTPP is also amorphous, but BET analyses indicated that it 

is porous with surface area as high as 779 m
2
/g. Single-component gas adsorption and binary gas 

mixture breakthrough studies showed the CO2 uptake and the selectivity of CO2/N2 as well as the 

heat of adsorption were all not only superior than reported CTP framework materials, but also 

among the best performances that were reported in some excellent COMs that are listed in Table 

S1 in supplementary information (†ESI).[8, 20, 26, 28, 33-38] The material is highly stable. 

Moreover, the material possessed an interesting 3D nanoflower-like architecture. Such a 

hierarchical porous structure can help reduce transport resistance [39, 40] and therefore has been 

pursued in many porous materials, such as porous silica (KCC-1, HPSNs),[40, 41] zeolite,[42, 

43] metal oxide, fluoride and sulphide,[44, 45] layered double hydroxide (LDH),[46, 47] etc. 

However, to the best of our knowledge, such nanoflower-like architecture has not been explored 

in COMs. 

 

2. Experimental section 

2.1. Materials 

Structural monomers including cyanuric chloride (99%), piperazine (Reagent Plus, 99%), and o-

dichlorobenzene (DCB; anhydrous, 99%), and proton scavenger N,N- diisopropylethylamine 

(DIPEA) were purchased from Sigma-Aldrich. Solvents such as tetrahydrofuran (THF), 1,4-

dioxane, chloroform (CHCl3), ethanol (EtOH), methanol (MeOH) and acetone were purchased 

from Sigma-Aldrich. All of these chemicals were used without further purification. 

2.2. Solvothermal synthesis 
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In a typical process, piperazine (142 mg, 1.65 mmol) was first dissolved in 10 mL of 

DCB (degassed by argon bubbling) through sonication. The solution was then placed in 

an ice-water bath, and 1.74 mL of DIPEA was added to the mixture using a syringe under 

vigorous stirring. Cyanuric chloride (184 mg, 1.0 mmol) was dispersed in 5 mL of 

degassed DCB through sonication and was then added in a dropwise fashion to the 

piperazine-DCB mixture using a syringe. The solution was kept at ice-cold temperature 

for 6 h under continuous stirring and then slowly warmed to room temperature (296 K) 

and stirred for another 6 h. The whole process was carried out under an argon 

environment. The mixture was then transferred into an autoclave and placed inside an 

oven at 453 K for 3 days. The resulting mixture was then centrifuged, the white powder 

was collected and thoroughly washed sequentially with DCB, DMF, EtOH, MeOH, THF 

and acetone, and the product was finally placed in a drying oven. The yield based on the 

total starting material is approximately 90%.  

2.3. Characterization techniques 

Transmission electron microscopy (TEM) images were taken on an FEI Tecnai twin microscope 

operated at 120 kV. The samples were first ground into a fine powder and dispersed in ethanol. 

The solvent evaporated, leaving the sample deposited on a 400-mesh copper TEM grid. Scanning 

electron microscopy (SEM) images were obtained from an FEI Nova Nano630 SEM and a FEI 

Helios NanoLab ™ 600 DualBeam operated at 10 kV. Powder XRD of the samples were 

recorded on a Bruker AXS D-8 Advance diffractometer operated at 40 kV voltage and 40mA 

current and calibrated with a standard silicon sample, using Ni-filtered Cu K (λ = 0.15406 nm) 

radiation. The Brunauer-Emmett-Teller (BET) specific surface area was measured on an ASAP 

2420 system (Micromeritics) using nitrogen at 77 K. Prior to all gas adsorption measurements, 
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the samples were degassed at 453 K for 24 h under high vacuum. The pore size distribution was 

derived from the adsorption branch using nonlinear density functional theory (NLDFT) and 

model used as N2 at 77 K, carbon, slit pores. The total pore volume was estimated from the 

amount of nitrogen adsorbed at a relative pressure of 0.99. Single-component CO2, CH4 and N2 

adsorption isotherms were measured on an ASAP 2050 sorption analyser (Micromeritics). 
13

C 

NMR measurements were performed on a Bruker 400M MAS system, and adamantine was used 

as the internal reference. The rotation frequency was set to 5 kHz. Fourier transform infrared 

spectroscopy (FTIR) was performed on a Nicolet iS10 smart FTIR spectrometer (Thermo 

Scientific, USA) equipped with a smart OMNI transmission ranging from 4000 cm
-1

 to 400 cm
-1

. 

XPS analysis was conducted on a Kratos Axis Ultra DLD spectrometer equipped with a 

monochromatic Al K X-ray source (hν = 1486.6 eV) operated at 150 W with a multi-channel 

plate and delay line detector under a vacuum of 10
-9

 mbar. All spectra were recorded using an 

aperture slot of 300 μm x 700 μm. The survey spectra were collected at a fixed analyser pass 

energy of 160 eV. CHN elemental analysis was carried out on a Flash 2000 organic elemental 

analyzer (Thermo Scientific, USA). Thermogravimetric analysis (TGA) and differential thermal 

analysis (DTA) were carried out on a thermal analyzer TG 209 (Netzsch), under N2 flow (20 

mL/min). 

2.4. Breakthrough experiments 

Mixture breakthrough experiments were carried out at 298 K with the setup shown in Fig. 

S7 (Supporting Information, SI). Detailed information of the setup is available 

elsewhere.[28, 48, 49] In a typical experiment, 0.5 g of CTPP sample was first packed 

into a solid disc using a hydraulic press under 15 bar. The disc was then broken down by 

a knife into small pieces of 30 to 40 mesh in size. The resulting pieces were packed into a 
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quartz column (I.D. 5.8 mm, length 150 mm), and silica wool was used to seal the ends. 

The sample was activated in the column with a continuous helium flow (5 mL/min) at 453 

K for 12 h. After that, the temperature of the column was decreased to 298 K and 

stabilized. Following this, the feed gas was switched from helium to a dry gas mixture of 

CO2 and N2 (15: 85, v/v) at 5 mL/min. The effluent gas was monitored by a mass 

spectrometer (Pfeiffer Vacuum, Germany). The absolute adsorption capacity of gas i (qi) 

is calculated from the breakthrough curve using the following equation, 

   
            ∫     

  
 

 
                                 

where Fi is the influent flow rate of gas i (mL/min), t0 is the total adsorption time (min), 

Vdead is the dead volume of the system (mL), Fe is the effluent flow rate of gas i (mL/min) 

that is calculated from the MS signal, and m is the mass of the sample (g). The selectivity 

of the breakthrough experiment is defined as, 

                                                                      

where yi is the molar fraction of gas i in the gas mixture. Two CO2:N2 (v:v) feed 

compositions, 10:90 and 15:85, which are associated to the two boundary composition of 

flue gas were investigated. 

2.5. Calculation of isosteric heat of adsorption (Qst)  

The CO2 (and N2; see supplementary information) adsorption isotherms measured at 273 

K and 298 K were first fitted to the following Virial equation,  

        
 

 
∑   

 

 

   

 ∑   
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where p is the pressure (bar), q is the adsorbed quantity (mmol/g), T is the temperature 

(K), R is the gas constant, ai and bi are Virial coefficients, and m and n represent the 

number of coefficients used to adequately fit the isotherms (herein, m = 4, n = 3). The 

isosteric heat of adsorption was calculated from the following equation, 

       ∑   
 

 

   

                                                           

2.6. Selectivity calculation based on Henry’s law 

The CO2/N2 Henry selectivity was calculated from Henry’s law under low pressure of up 

to 0.1 bar. The single component of both CO2 and N2 adsorption isotherms were fitted 

linearly up to 0.1 bar. Then, their slope ratio gives the corresponding selectivity of 

CO2/N2.  

2.7. Selectivity calculation based on the ideal adsorption solution theory (IAST) 

The single-component isotherms of CO2 and N2 were first fitted with dual site and single-

site Langmuir isotherms, respectively, as follows, 

         

    

      
                                                

where qi is the amount of adsorption of gas i (mmol/g), pi is the bulk gas phase pressure 

(bar), qi,sat is the saturation adsorption capacity (mmol/g), and bi is the Langmuir 

parameter (bar
-1

). IAST assumes that Raoults’ law is valid between the gas and the 

adsorbed phase, 

         
                                                      

 ∑  

 

   

 ∑
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where pi is the partial pressure of component i (bar), p is the total pressure (bar), yi and xi 

are the mole fractions of component i in gas and adsorbed phases, and pi
0
 is the 

equilibrium vapour pressure (bar). pi
0
 is calculated from the following equation, 

  

  
 ∫

      

  
   

  
 

 

                
                    

Where  is the spreading pressure (assumed to be the same for all components), S is the 

specific surface area of the adsorbent (m
2
/g), R is the gas constant, T is the temperature 

(K), and qi(pi) is the amount of adsorption equilibrated with pressure pi that is obtained 

from the single-component adsorption isotherm. The third term in equation (8) is the 

result after the single-site Langmuir isotherm (5) is applied. For binary mixtures, where n 

= 2, there are four unknown parameters S,, p1
0
 and p2

0
 that can be determined by solving 

equations (7) and (8). The amount of adsorption in a mixture is found from the following 

two equations, 

 

  
 ∑

  

     
  

 

   

 ∑
      

    
       

 

   

                                 

  
         

  

  
                                                   

where qT is the total amount of adsorption (mmol/g) and qi
mix

 is the adsorbed amount of 

component i (mmol/g). The IAST selectivity Sads is calculated from the following 

equation, 

     
     

     
                                                     

The IAST calculation is used to estimate the selectivity for the binary gas mixture 

containing 15% CO2 and 85% N2, which is typically the flue gas composition. 
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3. Results and discussion 

As illustrated in Scheme 1, CTPP particles were synthesized through polycondensation between 

the triazine moiety of cyanuric molecules and piperazine. It has been reported that cyanuric 

chloride and piperazine have a tendency to form a nanofloweric architecture, where the triazine 

moiety of cyanuric molecules forms the nanofloweric core.[50-52] The use of 1,2-dichlorobenze 

as solvent is also advantageous for the synthesis of porous CTPP nanoflowers since it is a non-

hygroscopic (i.e., immiscible in water) and polar aprotic solvent (2.27 D) with high density 1.3 

g/cc and high boiling point 453.5 K. The unique solvent properties possibly promoted the 

nucleophilic substitution in all three positions of the cyanuric chloride molecule. The relatively 

high temperature of solvothermal treatment might also facilitate the extensive polymerization to 

generate a porous nanostructure with unique nanoflower architecture. While in literature other 

solvents for example tetrahydrofuran and 1,4-dioxane has been used to prepare microporous 

materials from the same types of structural linkers but the obtained materials possess much lower 

surface areas with regular particle morphology.[29, 30] 

The SEM and TEM images of the obtained CTPP particles are shown in Fig. 1 and Fig. S1. They 

indicate that the particles have a relatively uniform size of approximately 400 nm and exhibit the 

3D nanoflower structure. Close inspection of the SEM images at high magnification revealed 

that these fibrous flowers were composed by self-assembly of interweaving and slightly bent 

nanoflake components with a thickness of 5–10 nm, which allows easy access to its high surface 

area.[40, 41]
 
Furthermore, in the SEM analysis, no other morphologies were detected, implying a 

high yield of the flower-like microstructures. The TEM images (Fig. 1c-d) confirmed the 

nanoflower architecture of the CTPP, and again, this microstructure was generated from the 

linking of nanoflake components, which agreed with the SEM image analysis (Fig. 1a-b). In the 
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high-resolution TEM images, low-electron-density spots (pores) were observed throughout the 

specimen with an average size of approximately 1.3 nm, which was further validated by the 

NLDFT pore size distribution obtained from the nitrogen sorption isotherm (Inset of Fig. 2).[53] 

Thus, each nanoflake comprised a microporous structure. The fast reaction rate means that this 

system is controlled kinetically instead of thermodynamically, which favors a highly porous 

amorphous structure.[26, 54] However, the exact mechanism for the shape and morphology of 

the CTPP microstructure remains unclear and is still under investigation. 

 

Fig. 2 shows the nitrogen physisorption isotherm and Table 1 shows the corresponding 

surface area and pore volume. The isotherm displayed a typical type I curve as defined by 

IUPAC. A steep increase in the gas uptake at low relative pressures (P/P0) up to 0.14, 

indicates the presence of a permanent microporosity.[8] Moreover, the gradual increase of 

uptake combined with the existence of minor hysteresis suggested the presence of 

mesoporosity. The observed steep increase in nitrogen uptake at a relative pressure from 

0.9 to 1.0 is due to the large mesopores.[54] A polymeric framework architecture (i.e., the 

linking of monomer constituents) generates a framework with micropores, whereas the 

interweaving and slight bending of nanoflake units in nanospheres, along with the 

interparticles separation, were responsible for the mesoporous nature of the CTPP 

material. The isotherm gives a BET surface area of 779 m
2
/g and a Langmuir surface area 

of 1012 m
2
/g as shown in Table 1. The pore size distribution calculated by NLDFT shows 

that the majority of the pores are micropores with a pore size centred at 1.27 nm, while 

the mesopores have a broad range of sizes. This is consistent with the microscopic 

observations that these pores are formed by the gaps between nanoflakes, and their size 
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increases gradually from the core to the outside layer. Materials synthesized without the 

proton scavenger provided negligible surface area of approximately 3.5 m
2
/g, indicating 

that it is a nonporous material.  

 

The observed PXRD pattern of the CTPP showed broad diffraction peaks at approximately 2θ of 

6.8°, 13.5°, 19.5° and 40.9°, which suggests that the framework of the CTPP materials has little 

order and is amorphous (Fig. S2).[32] The small-angle diffraction peaks at 2θ of 6.8° correspond 

to the characteristic distribution maximum of the nearest-neighbor pore-center-to pore-center 

distance between the disordered pores and calculated pore size is 1.3 nm,[55] which agreed to 

the BET analysis (Fig. 2).  

 

The 
13

C NMR spectrum of the CTPP material is shown in Fig. 3. The spectrum contains two 

well-defined chemical shift peaks at 42 ppm and 165 ppm. The chemical shift band at 42 ppm is 

due to the presence of the aliphatic CH2 group of the piperazine component.[56]
 
This well-

resolved band indicated that all four aliphatic CH2 groups in piperazine are equivalent in the 

CTPP network, as shown in Fig. 3. The 
13

C NMR spectral band detected at 165 ppm implies the 

presence of the CH carbon of the triazine moiety in the cyanuric chloride component, and all 

three carbons of triazine moiety are equivalent in the CTPP (Fig. 3).[26, 29, 33] The ratio of the 

aromatic carbon peak to the CH2 peak is approximately 2, which is consistent with the number of 

these two types of carbon in a fully polymerized structure. Hence, the NMR spectrum confirmed 

the incorporation of triazine and piperazine components in the CTPP microstructure. The 

absence of chemical shifts from 130 to 140 ppm due to carbon of benzene moiety, signified that 

DCB does not integrate within the CTPP frameworks.[8]  
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Fig. 4 shows the FTIR spectra for the CTPP, cyanuric chloride and piperazine. There are 

several strong vibrational bands detected in the region from 1200 to 1600 cm
-1

, 

representing typical stretching modes of CN heterocycles.[57, 58] Moreover, the 

characteristic breathing mode bands of the triazine unit at 797 cm
-1

 was shifted to 809 cm
-

1
 in the synthesized CTPP network.[57, 58] The bands at approximately 2930 and 2860 

cm
-1

, signifying the respective asymmetric and symmetric stretching modes of CH2 group 

of the piperazine rings, were observed and reconcile the linking of the piperazine moiety 

in the constructed CTPP networks. The stretching vibrational bands near 850 cm
-1

 were 

observed in the cyanuric chloride because of the C-Cl bond, whereas this vibrational band 

disappeared in the porous CTPP network, which implies the complete substitution of the 

three chloride atoms from the cyanuric chloride molecule.[32, 33] 

 

The CHN elemental contents of a fully polymerized CTPP microstructure should be 41.57 

wt%, 50.97 wt% and 5.98 wt% for nitrogen, carbon, and hydrogen, respectively. This is 

in close agreement with the theoretical elemental composition that is given in Table 2. 

This elemental analysis signified that the CTPP microstructure is a highly nitrogen-rich 

(i.e., Lewis base site-enriched) framework. The XPS analysis shows that the 

microstructure is mainly composed of carbon and nitrogen, which coincides with the 

CHN results (Fig. S5). 

 

To investigate the thermal stability, thermogravimetric analyses of the CTPP materials 

were carried out for temperatures up to 1173 K at a ramping rate of 15 K min
-1 

under a 
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continuous N2 atmosphere, and the results are presented in Fig. 5. The material 

synthesized without the proton acceptor, i.e., the bulky material, showed very poor 

thermal stability, as it started to decompose at 373 K and steadily continued up to 773 K. 

Whereas the porous CTPP material showed very high thermal stability, i.e., it retained its 

structural stability up to 773 K before it started to be sharply decomposed, although it was 

entirely composed of organic moieties. 

 

In addition to the thermal stability, we further investigated stability of the CTPP material 

towards humidity or air and/or acid or alkaline media. For example, the CTPP material 

was immersed in boiling water for a week and in 1 (M) HCl or 1 (M) NaOH for 2 days. 

We investigated the materials by SEM and TEM image analyses, and it was observed that 

the materials retain their distinct nanoflower morphology, as shown in Fig. S3 and Fig. 

S4. Moreover, the CTPP material is completely insoluble in water and many other 

common organic solvents. 

 

Fig. 6a shows the single-component adsorption isotherms for CO2 and N2 at 273 K and 298 K. 

The detailed adsorption data are listed in Table S4 (for CO2) and S5 (for N2). The adsorption data 

are fitted by a dual Langmuir adsorption model and the the fitted Langmuir parameters for 

CO2 are listed in Table S2 and for N2 in Table S3. The CO2 uptake capacities are 

approximately 3.48 mmol/g and 2.01 mmol/g at 273 K and 298 K, respectively at 1 bar, whereas 

the N2 uptake is 0.14 mmol/g and 0.06 mmol/g at for the same temperatures. For the 

experimental pressure range, it can be seen from the CO2 sorption isotherm that the uptake 

amount increases with pressure and does not reach equilibrium or a saturated state.[36] From the 
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adsorption isotherms, the CO2/N2 selectivity in the low pressure range (up to 0.1 bar, Table 3) 

was estimated using Henry’s law.[37] The linear plots of CO2 and N2 at 273 K and 298 K over 

this pressure range are shown in Fig. S6 (SI). The calculated Henry selectivity for the porous 

CTPP at 273 K is 88, whereas at 298 K is 82, which is comparable to the reported materials.[8, 

59] This decrease in selectivity with temperature in the Henry regime could possibly be because 

at higher temperatures, the interaction between host and guest molecules is reduced. The IAST 

model was also utilized to calculate the selectivity of CO2 over N2 for a 15/85 CO2/N2 feed 

composition as a function of total feed pressure.[34] The results are presented in Fig 6b, which 

shows that the selectivity for the porous CTPP increases with the total feed pressure at a given 

temperature, while it decreases with increasing temperature at a given feed pressure. At a total 

feed pressure of 1 bar, the estimated selectivity for the CTPP is 128 and 84 at 273 K and 298 K, 

respectively, as shown in Table 3. 

 

In addition, we investigated the methane sorption behaviour of the CTPP material and 

obtained the corresponding sorption isotherms, as shown in Fig. 6c. The studied porous 

CTPP material reversibly adsorbed methane with a maximum uptake capacity of 1.09 

mmol/g at 273 K and 1 bar, whereas its uptake capacity was reduced to 0.52 mmol/g at 

298 K. The observed high uptake capacity of the CTPP materials for methane is possibly 

due to the electron-rich nature of the CTPP material.[9] The achieved methane uptake 

capacity (1.09 mmol/g) of the CTPP material is much higher than the reported methane 

sorption (0.49 mmol/g) of microporous tris-o-phenylenedioxycyclo-triphosphazene van 

der Waals crystals
 
but is comparable to those of covalent organic cages.[60, 61] However, 

the latter can only be obtained by expensive synthesis methods, whereas our material can 
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be produced on a large scale from cheap and commercially available starting materials by 

using a facile synthetic pathway. The marginal amount of nitrogen uptake and the large 

methane uptake exhibited by the CTPP material resulted in a high CH4/N2 selectivity, 

which is of paramount importance in natural gas upgrading application. The calculated 

CH4/N2 Henry selectivities of the CTPP material are 17 and 7 at 273 K and 298 K, 

respectively, as shown in Table 3. 

 

Fig. 6d and 6e show the isosteric heats of adsorption (Qst) for CO2 and N2 that were calculated 

using Virial equations. The Qst value calculated for the low uptake range (i.e., low pressure 

range) represents the interaction strength between the gas and the CTPP framework, whereas at 

higher loadings, it represents the interactions between the gas molecules. In the low loading 

range, the Qst was calculated as 34 KJ mol
-1

, which is comparable to some other CTF materials 

reported in the literature, such as CTF-1 (30 kJ mol
-1

) and fluorinated FCTF-1 (32.9 kJ mol
-

1
).[28] When compared with covalent organic solids reported in literature, e.g., COP-3 (24.5 kJ 

mol
-1

)[8], azo-COP-1 to azo-COP-3 (24.8-32.1 kJ mol
-1

),[37] and NOP-19 to NOP-21 (28–37 kJ 

mol
-1

),[34, 36] and to other classes of materials SIFSIX-2-Cu (Qst 22 kJ mol
-1

),[38]
 
CMP-1-

COOH (33 kJ mol
-1

),[62] and BILPs (26.7–28.8 kJ mol
-1

),[35] the CTPP reported here has 

higher Qst values. This could be because the triazine-based frameworks, with an enriched Lewis 

base functionality, intrinsically favor the interaction with CO2. In fact, both CO2 and N2 are 

apolar molecules with similar kinetic diameters, typically 0.34 nm and 0.364 nm, respectively.[3, 

10, 11] Additionally, the quadrupole moment of CO2 is 2.85 times, and its polarizability is 1.5 

times more than N2.[8] All of these differences result in CO2 interacting more favorably than N2 

with the Lewis base enriched CTPP,[28, 36, 37]
 
which leads to a high CO2 uptake capacity 
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through the dipole and quadrupole interactions of CO2 molecules. When the CO2 and N2 uptakes, 

the CO2/N2 selectivity and the isosteric heat of adsorption for the CTPP are compared to those of 

various porous materials reported in the high CO2 uptake capacity and high CO2/N2 selectivity. 

 

To demonstrate the effectiveness of the CTPPs material in real applications, we performed 

breakthrough experiments at ambient pressure and temperature (1 bar; 298 K) under kinetic flow 

conditions with a CO2 and N2 gas mixture for a range of compositions, as shown in Fig. 7. Fig. 

7a shows a typical plot for the breakthrough experiment with a CO2/N2 (10:90 v/v) mixture. The 

estimated adsorption capacities for CO2 and N2 are 0.243 mmol/g and 0.002 mmol/g, 

respectively, which translates to a high CO2/N2 selectivity of 107, calculated using Eq. 2. When 

the CO2/N2 composition of 15:85 v/v was used, the adsorption capacity for CO2 and N2 increased 

to 0.339 mmol/g and 0.0024 mmol/g with a corresponding selectivity of 82, which is comparable 

to the IAST selectivity calculated (see Table 3 above) from the single-gas-component adsorption 

isotherm (equilibrium study). Thus, it observed from the breakthrough results that under flue gas 

conditions, the CTPP material showed high affinity to capture CO2 from the flow stream (high 

selectivity). The framework is enriched by Lewis base functionalities that facilitate the selective 

capture of CO2, with its strong quadrupole moment, over N2. 

 

The obtained breakthrough curves can be split into three phases based on their adsorption 

characteristics.[63] In phase I (0−1 min), the unsaturated CTPP adsorbent captured both 

CO2 and N2 from the mixed gas feed stream. In phase II (1−8 min), the CTPP 

continuously captured CO2; however, no more N2 was captured, as the adsorbent had 

been saturated with N2 in phase I. Moreover, in this phase the CTPP adsorbent may 
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competitively and/or preferentially uptake CO2 while a portion of the N2 from phase I 

desorbs into the gas flow. This is the reason why extra N2 molecules are present in the 

release stream. This observation suggested that CTPP materials can selectively capture 

CO2 over N2 from the mixed gases feed stream. In phase III (> 8 min), the flow rate and 

composition of the release stream are the same as the feed steam because the CTPP was 

saturated with both from prior phases. As a basis for comparison, the following are 

comparable technologies for CO2 and N2 separation: conventional activated carbon and 

metal integrated activated carbon (KNC-A-K) have CO2/N2 selectivities of 4.5 and 44, 

respectively,[48] as calculated from the breakthrough experiments with a 10:90 v/v feed 

composition of CO2/N2 at 298 K and 1 bar; at porous covalent triazine-based materials CTF-1 

and fluorinated FCTF-1 exhibited breakthrough selectivities of 18 and 77 respectively;[28] and 

MOFs such as SIFSIX-2-Cu-I, exhibited an IAST selectivity of 140 and a breakthrough 

selectivity of 72.[38] In view of the above systems, it can be seen that the CTPP material 

exhibited comparable or higher selectivity than those excellent porous materials reported in 

literature. The regeneration characteristics of the CTPP material in the breakthrough experiments 

were also tested by regenerating the material under relatively mild conditions with helium 

purging (5 mL/min, 353 K for 0.5 h). The regenerated material exhibited adsorption capacities 

similar to the CO2/N2 selectivity observed in the repeated breakthrough experiments. 

4. Conclusions 

We demonstrated porous covalent triazine-piperazine-based structures with a 3D-nanoflower 

architecture fashioned by the self-assembly of interwoven and slightly bent nanoflake 

components. The triazine-piperazine-linked frameworks displayed a permanent porosity and a 

high surface area with outstanding chemical robustness and thermal stability. The covalent 
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linking of the monomers generated the framework and the microporosity, whereas the spatial 

arrangement of nanoflakes formed the 3D nanoflower architecture and contributed to the 

mesoporosity. We anticipated that the presence of nitrogen-rich compounds would not only 

increase structural diversity but also expand the scope of functions currently associated with this 

highly stable class of covalent organic materials. The availability of Lewis base sites enhances 

the CO2 uptake capacity and CO2/N2 selectivity from flue gas streams as revealed in the single 

gas adsorption study and the column breakthrough experiments. The observed CO2 uptake and 

CO2/N2 selectivity could be due to a quadrupole-dipole interaction between the CO2 molecules 

and the Lewis base sites (lone pair of electrons on electronegative nitrogen functionality). Thus, 

the CTPP material, with its unique nanostructure and competitive properties (stability, CO2 

uptake capacity and selectivity), is a promising candidate for use as an adsorbent for 

environmental remediation. In addition, the ample presence of nitrogen functionalities in these 

materials can serve to coordinate transition metals and nanocatalysts, while the combination of 

bimodal pores may benefit the diffusion of reactant molecules for heterogeneous catalysis. 

Acknowledgements 

We gratefully acknowledge financial support from the King Abdullah University of Science and 

Technology (KAUST), competitive research grant URF/1/1378 and baseline fund BAS/1/1375. 

Notes and References 

[1] R.S. Haszeldine, Carbon capture and storage: how green can black be?, Science 325 (2009) 

1647-1652. 

[2] N. Al-Janabi, P. Hill, L. Torrente-Murciano, A. Garforth, P. Gorgojo, F. Siperstein, X. Fan, 

Mapping the Cu-BTC metal–organic framework (HKUST-1) stability envelope in the 

presence of water vapour for CO2 adsorption from flue gases, Chem. Eng. J. 281 (2015) 

669-677. 



20 
 

[3] T.M. McDonald, W.R. Lee, J.A. Mason, B.M. Wiers, C.S. Hong, J.R. Long, Capture of 

carbon dioxide from air and flue gas in the alkylamine-appended metal–organic framework 

mmen-Mg2(dobpdc), J. Am. Chem. Soc. 134 (2012) 7056-7065. 

[4] A.L. Chaffee, G.P. Knowles, Z. Liang, J. Zhang, P. Xiao, P.A. Webley, CO2 capture by 

adsorption: materials and process development, Int. J. greenhouse gas control. 1 (2007) 11-

18. 

[5] A.I. Cooper, Materials chemistry: Cooperative carbon capture, Nature 519 (2015) 294-295. 

[6] B. Yuan, X. Wu, Y. Chen, J. Huang, H. Luo, S. Deng, Adsorption of CO2, CH4, and N2 on 

ordered mesoporous carbon: approach for greenhouse gases capture and biogas upgrading, 

Environ. Sci. Technol. 47 (2013) 5474-5480. 

[7] L.-C. Lin, A.H. Berger, R.L. Martin, J. Kim, J.A. Swisher, K. Jariwala, C.H. Rycroft, A.S. 

Bhown, M.W. Deem, M. Haranczyk, In silico screening of carbon-capture materials, Nat. 

Mater. 11 (2012) 633-641. 

[8] H.A. Patel, F. Karadas, J. Byun, J. Park, E. Deniz, A. Canlier, Y. Jung, M. Atilhan, C.T. 

Yavuz, Highly Stable Nanoporous Sulfur‐Bridged Covalent Organic Polymers for Carbon 

Dioxide Removal, Adv. Funct. Mater. 23 (2013) 2270-2276. 

[9] P. Mohanty, L.D. Kull, K. Landskron, Porous covalent electron-rich organonitridic 

frameworks as highly selective sorbents for methane and carbon dioxide, Nat. Commun. 2 

(2011) 401. 

[10] J.A. Mason, T.M. McDonald, T.-H. Bae, J.E. Bachman, K. Sumida, J.J. Dutton, S.S. Kaye, 

J.R. Long, Application of a High-Throughput Analyzer in Evaluating Solid Adsorbents for 

Post-Combustion Carbon Capture via Multicomponent Adsorption of CO2, N2, and H2O, J. 

Am. Chem. Soc. 137 (2015) 4787-4803. 

[11] K. Sumida, D.L. Rogow, J.A. Mason, T.M. McDonald, E.D. Bloch, Z.R. Herm, T.-H. Bae, 

J.R. Long, Carbon dioxide capture in metal–organic frameworks, Chem. Rev. 112 (2011) 

724-781. 

[12] B. Wang, A.P. Côté, H. Furukawa, M. O’Keeffe, O.M. Yaghi, Colossal cages in zeolitic 

imidazolate frameworks as selective carbon dioxide reservoirs, Nature 453 (2008) 207-211. 

[13] B. Mu, F. Li, K.S. Walton, A novel metal–organic coordination polymer for selective 

adsorption of CO2 over CH4, Chem. Commun. (2009) 2493-2495. 



21 
 

[14] Y. Yoo, H.-K. Jeong, Generation of covalently functionalized hierarchical IRMOF-3 by 

post-synthetic modification, Chem. Eng. J. 181 (2012) 740-745. 

[15] Y. Liu, D. Liu, Q. Yang, C. Zhong, J. Mi, Comparative study of separation performance of 

COFs and MOFs for CH4/CO2/H2 mixtures, Ind. Eng. Chem. Res. 49 (2010) 2902-2906. 

[16] J. Tian, P.K. Thallapally, S.J. Dalgarno, P.B. McGrail, J.L. Atwood, Amorphous molecular 

organic solids for gas adsorption, Angew. Chem. 121 (2009) 5600-5603. 

[17] O.K. Farha, A.M. Spokoyny, B.G. Hauser, Y.-S. Bae, S.E. Brown, R.Q. Snurr, C.A. Mirkin, 

J.T. Hupp, Synthesis, properties, and gas separation studies of a robust diimide-based 

microporous organic polymer, Chem. Mater. 21 (2009) 3033-3035. 

[18] Y. Guo, Y. Li, T. Zhu, J. Wang, M. Ye, Modeling of dioxin adsorption on activated carbon, 

Chem. Eng. J. 283 (2016) 1210-1215. 

[19] S. Deng, H. Wei, T. Chen, B. Wang, J. Huang, G. Yu, Superior CO2 adsorption on pine nut 

shell-derived activated carbons and the effective micropores at different temperatures, 

Chem. Eng. J. 253 (2014) 46-54. 

[20] J. Wei, D. Zhou, Z. Sun, Y. Deng, Y. Xia, D. Zhao, A Controllable Synthesis of Rich 

Nitrogen‐Doped Ordered Mesoporous Carbon for CO2 Capture and Supercapacitors, Adv. 

Funct. Mater. 23 (2013) 2322-2328. 

[21] N.A. Brunelli, S.A. Didas, K. Venkatasubbaiah, C.W. Jones, Tuning cooperativity by 

controlling the linker length of silica-supported amines in catalysis and CO2 capture, J. Am. 

Chem. Soc. 134 (2012) 13950-13953. 

[22] A. Sayari, Y. Belmabkhout, E. Da’na, CO2 deactivation of supported amines: does the 

nature of amine matter?, Langmuir 28 (2012) 4241-4247. 

[23] R.T. Woodward, L.A. Stevens, R. Dawson, M. Vijayaraghavan, T. Hasell, I.P. Silverwood, 

A.V. Ewing, T. Ratvijitvech, J.D. Exley, S.Y. Chong, Swellable, water-and acid-tolerant 

polymer sponges for chemoselective carbon dioxide capture, J. Am. Chem. Soc. 136 (2014) 

9028-9035. 

[24] P. Kuhn, M. Antonietti, A. Thomas, Porous, Covalent Triazine‐Based Frameworks Prepared 

by Ionothermal Synthesis, Angew. Chem. Int. Ed. 47 (2008) 3450-3453. 

[25] M.J. Bojdys, J. Jeromenok, A. Thomas, M. Antonietti, Rational Extension of the Family of 

Layered, Covalent, Triazine‐Based Frameworks with Regular Porosity, Adv. Mater. 22 

(2010) 2202-2205. 



22 
 

[26] P. Katekomol, J.r.m. Roeser, M. Bojdys, J. Weber, A. Thomas, Covalent Triazine 

Frameworks Prepared from 1, 3, 5-Tricyanobenzene, Chem. Mater. 25 (2013) 1542-1548. 

[27] A. Bhunia, V. Vasylyeva, C. Janiak, From a supramolecular tetranitrile to a porous covalent 

triazine-based framework with high gas uptake capacities, Chem. Commun. 49 (2013) 3961-

3963. 

[28] Y. Zhao, K.X. Yao, B. Teng, T. Zhang, Y. Han, A perfluorinated covalent triazine-based 

framework for highly selective and water–tolerant CO2 capture, Energy Environ. Sci. 6 

(2013) 3684-3692. 

[29] H.A. Patel, F. Karadas, A. Canlier, J. Park, E. Deniz, Y. Jung, M. Atilhan, C.T. Yavuz, 

High capacity carbon dioxide adsorption by inexpensive covalent organic polymers, J. 

Mater. Chem. 22 (2012) 8431-8437. 

[30] H. Zhao, Z. Jin, H. Su, X. Jing, F. Sun, G. Zhu, Targeted synthesis of a 2D ordered porous 

organic framework for drug release, Chem. Commun. 47 (2011) 6389-6391. 

[31] H. Lim, M.C. Cha, J.Y. Chang, Preparation of Microporous Polymers Based on 1, 3, 5‐

Triazine Units Showing High CO2 Adsorption Capacity, Macromol. Chem. Phys. 213 

(2012) 1385-1390. 

[32] P. Puthiaraj, S.-M. Cho, Y.-R. Lee, W.-S. Ahn, Microporous covalent triazine polymers: 

efficient Friedel–Crafts synthesis and adsorption/storage of CO2 and CH4, J. Mater. Chem. 

A 3 (2015) 6792-6797. 

[33] S. Xiong, X. Fu, L. Xiang, G. Yu, J. Guan, Z. Wang, Y. Du, X. Xiong, C. Pan, Liquid acid-

catalysed fabrication of nanoporous 1,3,5-triazine frameworks with efficient and selective 

CO2 uptake, Polym Chem-Uk 5 (2014) 3424-3431. 

[34] Z. Xiang, X. Zhou, C. Zhou, S. Zhong, X. He, C. Qin, D. Cao, Covalent-organic polymers 

for carbon dioxide capture, J. Mater. Chem. 22 (2012) 22663-22669. 

[35] M.G. Rabbani, H.M. El-Kaderi, Synthesis and characterization of porous benzimidazole-

linked polymers and their performance in small gas storage and selective uptake, Chem. 

Mater. 24 (2012) 1511-1517. 

[36] Y. Liu, S. Wu, G. Wang, G. Yu, J. Guan, C. Pan, Z. Wang, Control of porosity of novel 

carbazole-modified polytriazine frameworks for highly selective separation of CO2–N2, J. 

Mater. Chem. A 2 (2014) 7795-7801. 



23 
 

[37] H.A. Patel, S.H. Je, J. Park, D.P. Chen, Y. Jung, C.T. Yavuz, A. Coskun, Unprecedented 

high-temperature CO2 selectivity in N2-phobic nanoporous covalent organic polymers, Nat. 

Commun. 4 (2013) 1357. 

[38] P. Nugent, Y. Belmabkhout, S.D. Burd, A.J. Cairns, R. Luebke, K. Forrest, T. Pham, S. Ma, 

B. Space, L. Wojtas, Porous materials with optimal adsorption thermodynamics and kinetics 

for CO2 separation, Nature 495 (2013) 80-84. 

[39] Z. Liu, H. Bai, D.D. Sun, High‐Performance Lithium‐Ion Anodes with Hierarchically 

Assembled Single‐Crystal SnO2 Nanoflake Spheres, Chem. Asian. J. 7 (2012) 2381. 

[40] X. Du, B. Shi, J. Liang, J. Bi, S. Dai, S.Z. Qiao, Developing Functionalized Dendrimer‐Like 

Silica Nanoparticles with Hierarchical Pores as Advanced Delivery Nanocarriers, Adv. 

Mater. 25 (2013) 5981-5985. 

[41] V. Polshettiwar, D. Cha, X. Zhang, J.M. Basset, High‐Surface‐Area Silica Nanospheres 

(KCC‐1) with a Fibrous Morphology, Angew. Chem. Int. Ed. 49 (2010) 9652-9656. 

[42] X. Zhang, D. Liu, D. Xu, S. Asahina, K.A. Cychosz, K.V. Agrawal, Y. Al Wahedi, A. 

Bhan, S. Al Hashimi, O. Terasaki, Synthesis of self-pillared zeolite nanosheets by repetitive 

branching, Science 336 (2012) 1684-1687. 

[43] J. Zhu, Y. Zhu, L. Zhu, M. Rigutto, A. van der Made, C. Yang, S. Pan, L. Wang, L. Zhu, Y. 

Jin, Highly mesoporous single-crystalline zeolite beta synthesized using a nonsurfactant 

cationic polymer as a dual-function template, J. Am. Chem. Soc. 136 (2014) 2503-2510. 

[44] J. Huang, Y. Cao, Z. Liu, Z. Deng, F. Tang, W. Wang, Efficient removal of heavy metal 

ions from water system by titanate nanoflowers, Chem. Eng. J. 180 (2012) 75-80. 

[45] Y. Duan, X. Liu, L. Han, S. Asahina, D. Xu, Y. Cao, Y. Yao, S. Che, Optically Active 

Chiral CuO “Nanoflowers”, J. Am. Chem. Soc. 136 (2014) 7193-7196. 

[46] X. Ge, C. Gu, X. Wang, J. Tu, Anomalous self-reduction of layered double hydroxide 

(LDH): from α-Ni (OH) 2 to hexagonal close packing (HCP) Ni/NiO by annealing without a 

reductant, Chem. Commun. 51 (2015) 1004-1007. 

[47] J. Feng, Y. He, Y. Liu, Y. Du, D. Li, Supported catalysts based on layered double 

hydroxides for catalytic oxidation and hydrogenation: general functionality and promising 

application prospects, Chem. Soc. Rev. (2015). 



24 
 

[48] Y. Zhao, X. Liu, K.X. Yao, L. Zhao, Y. Han, Superior capture of CO2 achieved by 

introducing extra-framework cations into N-doped microporous carbon, Chem. Mater. 24 

(2012) 4725-4734. 

[49] D. Britt, H. Furukawa, B. Wang, T.G. Glover, O.M. Yaghi, Highly efficient separation of 

carbon dioxide by a metal-organic framework replete with open metal sites, Proc. Natl. 

Acad. Sci. 106 (2009) 20637-20640. 

[50] L.-L. Lai, C.-H. Lee, L.-Y. Wang, K.-L. Cheng, H.-F. Hsu, Star-shaped mesogens of 

triazine-based dendrons and dendrimers as unconventional columnar liquid crystals, J. Org. 

Chem. 73 (2008) 485-490. 

[51] A. Chouai, E.E. Simanek, Kilogram-scale synthesis of a second-generation dendrimer based 

on 1, 3, 5-triazine using green and industrially compatible methods with a single 

chromatographic step, J. Org. Chem. 73 (2008) 2357-2366. 

[52] M.B. Steffensen, E. Hollink, F. Kuschel, M. Bauer, E.E. Simanek, Dendrimers based on 

[1,3,5]‐triazines, J. Polym. Sci., Part A: Polym. Chem. 44 (2006) 3411-3433. 

[53] S.K. Das, M.K. Bhunia, M.M. Seikh, S. Dutta, A. Bhaumik, Highly porous Co (II)-

salicylate metal–organic framework: synthesis, characterization and magnetic properties, 

Dalton Trans. 40 (2011) 2932-2939. 

[54] P. Kuhn, A. Forget, D. Su, A. Thomas, M. Antonietti, From microporous regular 

frameworks to mesoporous materials with ultrahigh surface area: dynamic reorganization of 

porous polymer networks, J. Am. Chem. Soc. 130 (2008) 13333-13337. 

[55] S.K. Das, M.K. Bhunia, A.K. Sinha, A. Bhaumik, Synthesis, characterization, and biofuel 

application of mesoporous zirconium oxophosphates, Acs Catal. 1 (2011) 493-501. 

[56] M.K. Bhunia, S.K. Das, P. Pachfule, R. Banerjee, A. Bhaumik, Nitrogen-rich porous 

covalent imine network (CIN) material as an efficient catalytic support for C–C coupling 

reactions, Dalton Trans. 41 (2012) 1304-1311. 

[57] B.V. Lotsch, M. Döblinger, J. Sehnert, L. Seyfarth, J. Senker, O. Oeckler, W. Schnick, 

Unmasking Melon by a Complementary Approach Employing Electron Diffraction, Solid‐

State NMR Spectroscopy, and Theoretical Calculations—Structural Characterization of a 

Carbon Nitride Polymer, Chem. Eur. J. 13 (2007) 4969-4980. 



25 
 

[58] K. Kailasam, J. Schmidt, H. Bildirir, G. Zhang, S. Blechert, X. Wang, A. Thomas, Room 

Temperature Synthesis of Heptazine‐Based Microporous Polymer Networks as 

Photocatalysts for Hydrogen Evolution, Macromol. Rapid Commun. 34 (2013) 1008-1013. 

[59] R. Dawson, E. Stöckel, J.R. Holst, D.J. Adams, A.I. Cooper, Microporous organic polymers 

for carbon dioxide capture, Energy Environ. Sci. 4 (2011) 4239-4245. 

[60] J.L. Atwood, L.J. Barbour, A. Jerga, B.L. Schottel, Guest transport in a nonporous organic 

solid via dynamic van der Waals cooperativity, Science 298 (2002) 1000-1002. 

[61] T. Tozawa, J.T. Jones, S.I. Swamy, S. Jiang, D.J. Adams, S. Shakespeare, R. Clowes, D. 

Bradshaw, T. Hasell, S.Y. Chong, Porous organic cages, Nat. Mater. 8 (2009) 973-978. 

[62] R. Dawson, D.J. Adams, A.I. Cooper, Chemical tuning of CO2 sorption in robust 

nanoporous organic polymers, Chem. Sci. 2 (2011) 1173-1177. 

[63] D. Qian, C. Lei, G.-P. Hao, W.-C. Li, A.-H. Lu, Synthesis of Hierarchical Porous Carbon 

Monoliths with Incorporated Metal–Organic Frameworks for Enhancing Volumetric Based 

CO2 Capture Capability, Acs Appl. Mater. Interfaces 4 (2012) 6125-6132. 

 

 

 

 

 

 

 

 

 

 

 

 

 



26 
 

 

Captions for the Figures 

Scheme 1 Schematic representation of the formation of porous covalent triazine-piperazine 

linked fibrous nanoflowers. 

Fig.1 FE-SEM images at low magnification (a) and at high magnification (b) of the 

porous CTPP nanoflower material, TEM image (c) and HRTEM image (d) of the 

porous CTPP nanoflower material. 

Fig. 2 N2 sorption isotherms of the porous CTPP nanoflower measured at 77 K 

(Adsorption: filled circles and desorption: empty circles). The corresponding pore 

size distribution using NLDFT is shown in the inset. 

Fig. 3 Schematic representation of structural bonding in the CTPP network. (b) 
13

C 

Solid-State MAS NMR spectra of the porous CTPP material. 

Fig. 4 FT IR spectroscopy of the porous CTPP nanoflower material (a), cyanuric 

chloride (b) and piperazine (c). 

Fig. 5 TGA analysis of the porous CTPP nanoflower material (a), and the dense CTPP 

material synthesized without the proton scavenger (b). 

Fig. 6 CO2 and N2 sorption isotherms for the CTPP at 273 K and 298 K at 1 bar; (b) 

CO2/N2 selectivity of the CTPP using IAST method with flue gas composition 

15:85; CO2: N2 (S1) at 273 K and (S2) 298 K; (c) CH4 and N2 sorption isotherms 

for the CTPP at 273 K and 298 K at 1 bar; Isosteric heats of adsorption plot of the 

CTPP for CO2 (d) and N2 (e) [N.B.: The isosteric heats of adsorption is negative].  

Fig. 7 Column breakthrough experimental results for CO2 and N2 gas mixture at 

different feed gas compositions (a) CO2: N2 (10: 90 v/v) and (b) 15: 85 measured 

at 298 K and 1 bar pressure after activation by continuous He flow at 473 K for 

12 h of CTPP material. 
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Table 1: Physico-chemical properties of the porous CTPP material 

Sample SBET 

(m
2
/g) 

SLang 

(m
2
/g) 

SMicro 

(m
2
/g) 

SExt 

(m
2
/g) 

Pore size 

(nm) 

Pore Volume 

(cm
3
/g) 

CTPP
a
 779 1012 343 436 1.27/2.96 0.77 

CTPP
b
 3 4.5 - - - 0.017 

 

a:
 synthesized with proton scavenger; 

b:
 synthesized without proton scavenger. 

 

Table 2: CHN elemental analysis of the porous CTPP material 

Sample Nitrogen (N) Carbon (C) Hydrogen (H) Total 

CTPP 41.57 50.97 5.98 98.53 

Theoretical 41.17 52.94 5.88 100 

 

 

Table 3: CO2, CH4 and N2 uptake capacities and CO2/N2 and CH4/N2 selectivities of the porous 

CTPP material 

Entry Tempr (K) CO2 uptake 

(mmol/g) 

CH4 uptake 

(mmol/g) 

N2 uptake 

(mmol/g) 

Selectivity 

(CH4/N2) 

Selectivity 

(CO2/N2) 

Henry Henry IAST 

1 273 3.48 1.09 0.14 17 88 128 

2 298 2.01 0.52 0.064 7 82 84 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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HIGHLIGHTS 

 

 Developed porous covalent triazine-piperazine linked polymer with 3D nanoflower 

microstructure. 

 The nanoflower microstructure was fashioned by the self-assembly of interwoven and 

slight bent nanoflake components. 

 Material having Lewis base enrich-sites and exhibited outstanding chemical robustness and 

thermal stability. 

 Materials acts as an adsorbents and showed enhance CO2 and CH4 uptake and high CO2/N2 

and CH4/N2 sorption selectivity. 

 Single-component gas adsorption study and binary gas mixture breakthrough experiment 

validated the material as a promising adsorbent for environmental remediation. 

 

 

 

 




