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Abstract
In this study, carbazole-based hypercrosslinked polymer (HCP) adsorbent was | Keywords:

synthesized using the knitting method by Friedel-Crafts reaction. The effects of | Adsorption,

crosslinker to carbazole ratio and synthesis time on the adsorbent structure were | CO2/Ha,

investigated to improve CO./N; and CO./H; selectivity. Crosslinker to carbazole | CO2/Ny,

ratio and the synthesis time was considered in the range of 1-4 (mol/mol) and 8-18 | Hypercrosslinked polymer,
(h), respectively. HCP adsorbents were analyzed by energy-dispersive X-ray | Selectivity

spectroscopy (EDS), Fourier-transform infrared spectroscopy (FTIR), and
Brunauer-Emmett-teller analysis (BET). The adsorption capacity of CO,, N2, and
H> were measured by carbazole-based HCP and it was correlated with the nonlinear
form of the Langmuir isotherm model. The achieved BET surface area of adsorbent
with the highest amount of synthesis parameters was 922 (m?/g). The ideal adsorbed
solution theory (IAST) was utilized to anticipate CO2/N2 and CO2/H- selectivity at
298 k and 1 bar. CO2/N2 and CO2/H- selectivity for adsorbent with the maximum
amount of synthesis parameters were 8.4 and 4.4, respectively. The high selectivity
values of carbazole-based HCPs are due to the presence of nitrogen atoms in the
adsorbent structure and a more robust interaction between CO2 molecules and the
adsorbent surface.

Introduction

Over the past century, the atmospheric concentration of greenhouse gases emitted by human
activities has grown significantly. This progressive growth imposes a direct effect on global
warming, and COz is introduced as the major contributor [1]. Hence, the extension of reasonable
technologies to carbon capture and storage (CCS) is required to reduce CO emissions [2-6].
The cost of capturing and separating CO> is about 75% of the total cost of emissions control
[7,8]. Therefore, it is essential to selective adsorption of CO2 from N in the post-combustion
process or from a fuel gas stream (CH4 or Hz) in the pre-combustion process to decrease
operating costs. Thus, the selectivity of CO2 over Nz, Hz, and CH4 is the most important
parameter to choose an adsorbent. This method has been considered due to its being corrosion-
free, easy to control, and environmentally friendly [9,10]. Aqueous amines recall the need for
alternative technologies due to high regeneration and recovery costs and loss of effectiveness
over time [5,11-13]. An inexpensive alternative technology is physical sorption with solid
adsorbents such as activated carbon [14], zeolite [15], metal-organic frameworks (MOF), and
microporous organic polymers (MOP) [16]. MOPs include hypercrosslinked polymers (HCPs),
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polymers of intrinsic microporosity (PIMs), conjugated microporous polymers (CMPs), and
covalent organic frameworks (COFs). Large surface area, low density, high physical, chemical,
and thermal stability, variety of synthesis methods, and cost-effectiveness are important
advantages of HCP adsorbents in the CO adsorption process [17,18]. There are several
strategies to attain high CO2/N> selectivity, such as increasing the isosteric heat of adsorption,
incorporating open metal sites, post-synthetic modification [3], and incorporating CO»-philic
functional groups in the structure of polymers [19]. Incorporating heteroatoms such as oxygen,
nitrogen, sulfur, and phosphorus in the structure of polymers could enhance CO> selectivity
[20]. Based on the literature review, selectivity (CO2/N2) increased by including N-rich
functional groups such as amine [21-23] or N-rich heterocycles with electron-rich nature in the
structure such as triazine and carbazole that enhanced CO2-philicity [24]. In 2011, Li et al.
introduced the ‘knitting’ strategy to synthesize HCPs which formaldehyde dimethyl Acetal
(FDA) reacts with various aromatic monomers as an external crosslinker [18,25]. Saleh et al.
reported six heterocyclic microporous polymers with constant synthesis parameters (synthesis
time and crosslinker ratio) in the presence of FeCls catalyst using the Friedel-crafts reaction
[19]. In this research, the elevated CO2/N2 and CO2/H> selectivity were obtained at 273 K and
1 bar for carbazole-based HCP in the mixture of CO2:N, = 15:85 and CO2:H> = 20:80, and the
potential of this adsorbent was investigated for CO> adsorption. Besides, the effect of synthesis
parameters was examined to improve CO2/N2 and CO»/H: selectivity of carbazole-based HCP.
The ideal adsorbed solution theory (IAST) in conjunction with the nonlinear form of Langmuir
pure-component isotherm model was utilized to predict the adsorption of CO», H2 and N2 and
selectivity of CO2/N2 and CO2/H> at 1 bar and 298 K.

Experimental
Materials

All chemical materials were purchased from Merck Company (Germany), including Carbazole
(%97.8), formaldehyde dimethyl Acetal (%98), 1, 2-dichloroethane (%99), iron (I11) chloride
(%98), and ethanol (%99). Gases including Hz (%99.9), N2 (%99.8) and CO2 (%99) were used
in the adsorption process.

Adsorbent Synthesis

In general, Adsorbents synthesis was carried out based on the method of Li et al.[26] according
to Table 1. Typically, carbazole (0.01 mol) was dissolved in 25 ml dichloroethane (DCE) at
room temperature for 30 min. Formaldehyde dimethyl acetal (FDA) with a specific value (Table
1) as a crosslinker and iron chloride (I11) (according to crosslinker ratio) was added to this
solution. The resulting mixture was stirred at 80 °C at a specific synthesis time (Table 1) on the
reflux condition. Then, the sample was filtrated and washed with distilled water and ethanol
several times. Soxhlet extractor was applied to purify the resulting network by ethanol. Finally,
drying the adsorbent was carried out at 150 °C in the oven and vacuum oven, respectively,
during the night.

Table 1. The synthesis conditions of carbazole-based HCPs

Sample Monomer (mmol) Crosslinker (mmol) ratio Synthesis time (h)
CHCP1 10 40 4 18
CHCP2 10 40 4 8
CHCP3 10 10 1 18

After cooling to room temperature, the solid product was collected by filtration. Then, it was
washed with distilled water and ethanol to remove unused materials. A Soxhlet extractor was
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used to purify the produced framework with ethanol over a night. Finally, the adsorbent was
dried at 150 °C for 24 h to obtain the adsorbent powder (Fig. 1).

! ,

1,2-Dichloroethane , 80 °C

Fig. 1. final structure of carbazole-based HCP adsorbent by knitting method
Adsorption Equipment

The performance of CO», H, and N2 adsorption was investigated in the adsorption setup (Fig.
2). The cylindrical reactor was made of stainless steel heated by a heater. The gas from the
high-purity cylinder was heated after passing a heater and entered the mixing tank. The
adsorbent was loaded inside the reactor to be in contact with gas and calculate the adsorption
capacity. As the reactor reached the desired temperature by the heater, the gas inlet valve was
opened and the gas entered the reactor from the mixing tank at the desired pressure. Also, the
temperature and the pressure of the gas flowing into the reactor were measured by a
thermocouple and a pressure transmitter, respectively. Mole fraction of gases in each
experiment was determined by Gas chromatography. All adsorption experiments were
performed with 0.5 gr adsorbent.
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Fig. 2. Schematic of the adsorption setup

During the adsorption process, gas temperature and pressure were recorded in separate
spreadsheets using the reference computer, and then, the adsorption capacity of gases was
calculated by Eq. 1.
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where i and f are the initial and final conditions in the reactor, m is the mass of adsorbed gas, w
Is the adsorbent mass, V is the volume of the reactor, My is the CO2 molecular weight, R is the
universal gas constant, P is gas pressure, Z is compressibility factor, and T is gas temperature.
The compressibility factor was calculated using the virial equation regardless of coefficients
higher than second order. The virial coefficients were calculated by the Tsonopoulos equation.

Adsorbent Characterization Analysis

Philips-XL30 (EDS) microanalysis detector (model 6636) was used to investigate the elemental
of the carbazole-based HCP. Perkin-Elmer FTIR-spectrometer was used for FTIR spectra
analysis to determine the functional groups in the structure of adsorbents. Micromeritics ASAP
2020 M analyzer was used at 77.3 K for BET analysis and investigated the specific surface area
of the samples.

Ideal Adsorbed Solution Theory (IAST)

The most common isotherm equation employed for modeling adsorption data is the Langmuir
isotherm equation (Eq. 2), which can be used to describe the amount of material adsorbed on
the adsorbent surface as a function of pressure at a constant temperature.

_ 9mbFe (2)
1+ bP,

de

where ge (mmol/g) is equilibrium adsorption capacity, gm (mmol/g) is the maximum adsorption
capacity, and b (1/bar) is the Langmuir isotherm constant [3]. In 1965, Myers and Prasnitz
reported the ideal adsorbed solution theory (IAST) to anticipate mixed-gas adsorption
equilibrium by pure-component adsorption isotherms. Based on their theory, there is no
interaction between the molecules in the adsorbed phase, and equilibrium is achieved at a
constant temperature. The Gibbs equation (Eq. 3) can be used to calculate the spreading
pressure of the two-component mixed-gas [22]:

Pic . T[A
f & gp T 3)
0

where A is the surface area of the adsorbent and z; is the spreading pressure of pure-component
i. Adsorbed phase is considered an ideal solution and the Raoult's law is stated as Eq. (4):

Py; = P, x; )

where x; and y; are the molar fraction of pure-component i in the adsorbed phase and the molar
fraction of component i in the non-adsorbed mixture; Pi° is the surface pressure of pure-
component i and P is the total pressure of the mixed-gas [27]. The sum of the molar fraction of
component i in the adsorbed phase and molar fraction of component i in the non-adsorbed phase
are given by Egs. 5 and 6 [27]:

X; = 1 (5)

n
i=1
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By solving these four equations, x;j and yi were obtained simultaneously. With the values of
Xi, ¥i, and Pi® determined, Eq. 7 [22] is used to calculate the adsorption capacity and Eq. 8 is
used to calculate selectivity (S).

1 _Z X;
q: — quio (7)

XA

5= )
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where gt (mmol/g) is the amount of mixture adsorbed, gi° (mmol/g) is the equilibrium amount
of component i adsorbed in the adsorbent, and xa and xg are the molar fraction of A and B gases
in the adsorbed phase which are in equilibrium with the molar fraction in the gaseous phase (ya
and yg).

Results and Discussion

Adsorbent Characterization

The result of EDS is shown in Fig. 3 and elemental analysis is shown in Table 2. Results
showing the purity of the produced adsorbent indicate the performance of the Friedel-Crafts
reaction.

600 -
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Fig. 3. EDS patterns of carbazole-based HCPs

Table 2. Elemental composition of carbazole-based HCPs

Element Mass fraction (%)
C 69.481
N 13.822
0] 16.346

Cl 0.351
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Fig. 4 represents the nitrogen adsorption-desorption isotherm of carbazole-based HCP,
which shows that this adsorbent has a type 1V isotherm. According to IUPAC classification
[23], this type of isotherm corresponds to microporous materials. Results of the BET surface
area of carbazole-based HCPs with different synthesis parameters are given in Table 3.
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Fig. 4. BET analysis of carbazole-based HCP at 77.3 k
Table 3. BET surface area of carbazole-based HCPs

Sample Ratio Synthesis Time (h) Seet (M?/g)

CHCP1 4 18 718.91

CHCP2 4 8 676.13

CHCP3 1 18 463.36

According to Table 3, the CHCP1 adsorbent with maximum values of synthesis parameters
has the highest BET surface area and this value increases with increasing of crosslinker ratio at
an equal synthesis time (CHCP1 and CHCP3) or with increasing of synthesis time in an equal
crosslinker ratio (CHCP1 and CHCP2) which may be due to the increased Friedel-Crafts
reaction between the carbazole and crosslinker in suitable synthesis time and providing more
sites for the interaction between CO, molecules and the adsorbent. It is also clear that the
crosslinker ratio is more effective than the synthesis time. Fig. 5 shows the FTIR spectra for
carbazole-based HCP to investigate the functional groups of adsorbents. According to this
figure, C-N, C=C, and C-CI vibrations were shown at 1238 cm™, 1481 cm™ and 748 cm™,
respectively. The peaks detected at 3420 cm™ and 1678 cm™* were due to the N-H bending and
stretching vibrations, respectively. Additionally, the presence of bands at 2920 cm™ and 1323
cm is attributed to the C-H bending and stretching vibrations, respectively.

Adsorption Isotherm

As mentioned earlier, the ideal adsorbed solution theory (IAST) needs pure-component
isotherm parameters [27]. In this study, the Langmuir model was applied to fit the pure-
component isotherms. Adsorption of CO>, N2, and H> was performed at different pressures from
0.2 to 1 bar and a temperature of 298 K. The CO3, N2, and Hz adsorption with carbazole-based
HCPs were obtained by fitting experimental data into the nonlinear form of the Langmuir
isotherm model (Figs. 6 and 7).
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Fig. 5. FTIR spectra of carbazole-based HCP
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Fig. 6. CO2 and N adsorption isotherm for carbazole-based HCPs
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Fig. 7. CO; and H; adsorption isotherm for carbazole-based HCPs
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According to the figures, CO adsorption capacity on HCPs is higher than N2 and H:
adsorption, which can be due to the existence of nitrogen atom in the carbazole structure that
creates a strong bond between CO2 molecules and the adsorbent. Table 4 shows the values of
the Langmuir isotherm parameters.

Table 4. Langmuir isotherm constants for adsorption of CO,, H, and N, on carbazole-based HCPs
CO2 H> N>

Qm b Qm b Qm b

CHCP1 | 3.7985  2.468 2.023 1.3922 2.6706  0.4513

CHCP2 | 3.4243 2.1975 | 1.7943 1.4454 | 25224 0.4122

CHCP3 | 25729 2.6768 | 1.4996 1.5773 2.3776  0.3965

Sample

As shown in Table 4, with an increase in the crosslinker ratio at an equal synthesis time
(CHCP1 and CHCP3) and an increase in the synthesis time at an equal crosslinker ratio (CHCP1
and CHCP2), the Langmuir parameters (gmax and b) increased. CHCP1, with the highest amount
of synthesis parameters (ratio of 4 and synthesis time of 18 h), showed the highest values for
Langmuir parameters. The b value of adsorbed CO. was larger than that of N2 and Ha, which
can be due to the interactive forces between adsorbent and CO, molecules that are bigger than
the interactive forces for N2 or Ha.

Selectivity

The selectivity of CO2/N2 (15:85) and CO2/H2 (20:80) at 298 K and 1 bar were calculated by
ideal adsorbed solution theory (IAST) and the results are presented in Tables 5 and 6.

Table 5. Calculated IAST model parameters for CO,/N; selectivity by carbazole-based HCPs
Sample Xco2 (co2 gt S
CHCP1 0.454 0.4838 1.0657 8.4073
CHCP2 0.462 0.4452 0.9637 7.7265
CHCP3 0.479 0.4321 0.9017 7.4467

Table 6. Calculated IAST model parameters for CO/H> selectivity by carbazole-based HCPs
Sample Xco2 (co2 gt S
CHCP1 0.456 0.6589 1.4449 4.4006
CHCP2 0.437 0.5621 1.287 3.8683
CHCP3 0.448 0.500 1.1151 3.8321

Results show that with an increase in the synthesis parameters, selectivity increases.
Maximum CO2/N2 and CO2/H: selectivity occur at maximum synthesis parameters. Because of
high crosslinker ratios and synthesis time, carbazole molecules have a great opportunity to react
with the crosslinker molecules and the framework is quite formed. As the results show, the
effect of the crosslinker ratio on selectivity is much more than synthesis time. Selectivity is
investigated by two major mechanisms, i.e. kinetic and thermodynamic of phase separation.
Based on these mechanisms, the CO. molecule makes a stronger interaction with carbazole-
based HCPs. Because CO2, molecules with higher polarizability and quadrupole moment adsorb
stronger on the surface of the adsorbent. According to the results, carbazole-based HCPs are an
appropriate candidate to selectively adsorb CO2 over N2 or H. Besides, an increase in the
synthesis parameters is desirable to improve CO2/N2 and CO/H: selectivity.

Conclusion

Three carbazole-based HCP adsorbents with different synthesis conditions (crosslinker ratio
and synthesis time) were synthesized using Friedel-crafts reaction and FDA as a crosslinker in
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the presence of 1,2-dichloroethane as a solvent and FeClsz as a catalyst. CO2, N2, and H>
adsorption by carbazol-based HCPs were measured at a pressure range of 0.2-1 bar and at the
temperature of 298 K which fitted by the nonlinear form of Langmuir model isotherm. The
selectivity of CO2/N2 (15:85) and CO2/H> (20:80) at 1 bar and 298 K was calculated by the
ideal adsorbed solution theory (IAST) model. The selectivity predicated by IAST indicated that
carbazole-based HCPs were selective to CO,. Additionally, the effect of synthesis parameters
on selectivity was studied by IAST which demonstrated that the adsorbent with the maximum
amount of synthesis parameters (crosslinker ratio of 4 and synthesis time of 18 h) had maximum
CO2/N2 and CO2/H; selectivity and increasing crosslinker ratio from 1 to 4 and synthesis time
from 8 to 18 h, increased adsorption capacity and selectivity of CO..

Nomenclature

q Adorption Capacity (mmol/g)
e Equilibrium adsorption capacity (mmol/g)
n Mole of gas adsorbed
w Mass of adsorbent (g)
R Universal gas constant (8.314 J/mol K)
P Pressure (bar)
Pe Equilibrium pressure (bar)
Z Compressibility factor
b Constant of Langmuir isotherm
Xi Molar fraction of the component i in the adsorbed mixture
Yi Molar fraction of the component i in the non-adsorbed mixture
i Surface pressure of the component i (bar)
o Specific amount adsorbed of component i in the adsorbent at equilibrium
i (mg/g)
A Specific surface area covered by the adsorbed mixture (m?/g)
Qi Specific amount adsorbed of component i in the adsorbent (mg/g)
gt Specific amount adsorbed of mixture (mg/g)
i Spreading pressure of the component i at equilibrium
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