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Remarkably Enhanced CO, Uptake and Uranium Extraction by
Functionalization of Cyano-bearing Conjugated Porous Polycarbazoles

Anwang Dong,' Yaqi Zhu,' Mengyao Ren," Xiaoyu Sun,' Vignesh Murugadoss,” Yihui Yuan, Jun Wen,’ Xiaolin Wang,’ Qi Chen,"”

Zhanhu Guo™ and Ning Wang"”

Cyano-bearing conjugated polycarbazoles PHN-1 and PHN-2 were efficiently prepared in high yields from corresponding monomers with para-
and meta-configuration by oxidative coupling polymerization at room temperature, respectively. PHN-1 with para-configuration exhibits higher
porosity than meta-configuration counterpart PHN-2. Cyano groups in the polymers were further converted to conjugated polycarbazoles
containing tetrazole (PHN-1-TZ and PHN-2-TZ) or amidoxime groups (PHN-1-AO and PHN-2-AO) after treatment with NaN,/NH,Cl, and
hydroxylamine aqueous solution, respectively. Up to 55.0% enhancement of CO, uptake at 298 K and 1.0 bar found for PHN-2-TZ (4.93 wt%)
after post-modification from PHN-2 (3.18 wt%) is ascribed to tetrazole groups with basic feature and acidic hydrogen, which show high affinities
to CO, not only by the Lewis acid-Lewis base and local-dipole-quadrupole interactions but also through the hydrogen bonding with oxygen
atoms of CO,. In the real seawater with excess uranium (8.02 ppm), a maximum uranium extraction uptake of 119.4 mg g' for PHN-1-AO
greatly higher than ~10 mg g" for the PHN-1 (about) at room temperature is due to the strong chelating interaction between the amidoxime

groups and uranium.
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1. Introduction

As one of the conjugated microporous polymers (CMPs), porous
conjugated polycarbazoles by coupling of n-conjugated building blocks
containing carbazole moieties not only exhibit rich electronic properties
and high porosities, but also retain particular functions derived from
relevant monomers." Their structures are diverse due to the existence of
various 7m-conjugated building blocks such as arenes, macrocycles and
heterocyclic aromatic units as well as multiplicity of synthetic reactions
such as classic C-C cross-coupling reactions,”’ oxidative coupling
reaction*” and electrochemical polymerization.”* Porous polycarbazoles
with high Brunauer-Emmett-Teller (BET) specific surface area up to
2400 m’ g' possess stable pore structure and narrow pore size
distribution (PSD) at 0.6-2.5 nm." Their cooptoelectronic application is
very broad raning from conjugated detection system’ and organic
electronic devices,”” to electrochemical reduction of CO,” and the
photocatalysts.”” Therefore, the intrinsic porosities and optoelectronic
properties as well as chemical and thermal stability led to increasing
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interests and extensive researches in synthetic strategies, preparative
methods, and functionalization."”

The ever-growing anthropogenic carbon dioxide (CO,) emissions
have caused many environmental problems and attracted growing
attention nowadays.”" Both CO, and methane are greenhouse gases and
can along with water to form gas hydrate.””* The combustion of fossil
fuels in power plants is the main reason for the increased CO,
emissions.”” The exploitation of carbon capture and storage (CCS)
materials and the development of new energy sources, such as nuclear
energy,™” are demanded urgently.** The nitrogen-containing porous
polycarbazoles prepared by oxidative coupling reaction show potential
advantages, such as low-cost preparation, good recyclability and high
affinity with CO, and can be used as alternative CCS adsorbents.”’ For
instance, the CO, absorption capacity of polycarbazole CPOP-9
(Carbazole-based Porous Organic Polymers, CPOPs) is high up to 70
wt% at 18.0 bar and 298 K.* Porous polycarbazoles CPOP-1 and P-
PCz-3 also exhibit high CO, uptake of 21.2 and 25.3 wt%, respectively,
at 1.0 bar and 273 K.**

On the other hand, only uranium reservoir sufficiency can warrant
the continuous supply of nuclear energy.™™ Considering most of
uranium is present in the seawater at the concentration of 3-3.3 ppb,"™
and the nuclear effluent with radioactive uranium from the nuclear
industry which has great harm to humans and the environment,** to
explore the adsorbent with strong adsorption capacity for uranium
becomes demanding.™”" Various materials such as porous aromatic
frameworks (PAFs),"* CMPs,” metal-organic frameworks (MOFs),**
hyper-cross-linked polymers,” molecularly imprinted polymers and
inorganic materials™* have been reported as the adsorbent for uranium.
Among them, amidoxime-based porous materials are the most
promising ones due to the high chelation between the amidoxime
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groups and uranium.™” Up to now, conjugated porous polycarbazoles

with amidoxime groups have not been reported or used for the uranium
extration.

For porous polymers, post-modification based on original
polymers such as covalent graft or non-covalent coordination is useful
to develop the materials with novel functions and applications.™ For
example, PAF-1 was covalently functionalized with thioether groups for
selective copper capture and applied for detecting Wilson's disease.”
Palladium complex can be coordinated into porous polycarbazole
containing pyridine to fabricate the Pd-metalated nanoporous catalysts
for the heterogeneous additive-free cyanation.” Inspired by high binding
ability of nitrogen-rich organic porous materials to CO, and strong
chelation of uranium with amidoxime-containing materials, herein,
porous polycarbazoles containing cyano groups were prepared via
FeCl,-catalyzed oxidative coupling reaction. Through post-polymerization
modification, porous polycarbazoles containing tetrazolyl or amidoxime
groups were prepared and studied for CO, adsorption, and uranium
extraction from simulated seawater with different uranium
concentrations and the real seawater with excess uranium.

2. Experimental Section

2.1 Materials

Hydroxylamine aqueous solution (50%) was bought from Alfa Aesar
Co., Ltd. Carbazole, uranyl nitrate hexahydrate, iron (III) chloride,
potassium tert-butoxide, 4-fluorobenzaldehyde, sodium methoxide,
sodium hydroxide and ammonium chloride were ordered from Macklin
Co., Ltd. Potassium carbonate, 1,3-phenylenediacetonitrile and 1,4-
phenylenediacetonitrile were purchased from Aladdin Reagent Co., Ltd.
Sea salt was purchased from Yier Be Co., Ltd. The common solvents
such as methanol, tetrahydrofuran (THF), N, N-Dimethylformamide
(DMF), and dichloromethane (DCM) were commercially available
from Xilong Co., Ltd. The real seawater is obtained from Wanning
nearby the south china sea. All the chemicals and solvents were used as
received. 4-(9-Carbazolyl)benzaldehyde was tailored via an previous
method.”

2.2 Characterization and measurement
The content of this part is in the supporting information.

2.3 Preparation of monomers and polymers
Synthesis of Monomers M-1 and M-2: Under the continuous magnetic
stirring, 1,4-phenylenediacetonitrile (50 mg, 0.32 mmol) and 4-(9-
carbazolyl)benzaldehyde (170 mg, 0.63 mmol) were dissolved
completely in THF (5.0 mL) at room temperature. Sodium methoxide
(50 mg, 0.92 mmol) in methanol (5.0 mL) was added dropwise to the
mixture. A yellow solid was precipitated in 5 min, and 20 min later, the
mixture of concentrated hydrochloric acid (0.5 mL) and methanol (20
mL) was added dropwise to stop the reaction. After filtration and
repeated washing by ethanol, the monomer M-1 was obtained as a
mixture of isomers after drying in vacuum (190 mg, 89.3%) without
further purification. 'H NMR (400 MHz, CDCL,, & ): 8.20 (d, 4H, J =
8.8 Hz), 8.17 (d, 4H, J = 7.6 Hz), 7.87 (s, 4H), 7.75 (d, 4H, J = 8.4
Hz), 7.74 (s, 2H), 7.74 (d, 4H, J = 8.0 Hz), 7.46 (t, 4H, J = 7.8 Hz),
7.34 (t, 4H, J = 6.8 Hz); "C NMR (100 MHz, CDCL, 5): 143.9,
142.0, 140.4, 140.3, 140.2, 139.7, 135.6, 133.8, 132.2, 132.1, 132.0,
131.6, 131.2, 130.0, 127.2, 127.0, 126.9, 126.4, 126.3, 124.0, 123.9,
120.8, 120.7, 119.9, 117.8, 113.9, 111.1, 110.0, 109.9; MS (APCI-TOF)
m/z [M]: calculated for C,H,N,, 662.73; found, 662.25.

According to similar synthetic procedures to M-1, monomer M-2
was synthesized from 1,3-phenylenediacetonitrile (50 mg, 0.32 mmol)
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and 4-(9-carbazolyl) benzaldehyde (170 mg, 0.63 mmol) to afford a
pure yellow solid (175 mg, 82.2%). 'H NMR (400 MHz, CDCL,, d):
8.21 (d, 4H, J = 8.4 Hz), 8.17 (d, 4H, J = 7.6 Hz), 8.04 (s, 1H), 7.81
(dd, 2H, J = 8.0, 2.0 Hz), 7.78 (s, 2H), 7.75 (d, 4H, J = 2.8 Hz), 7.63 (t,
1H, J=17.6 Hz), 7.54 (d, 4H, J = 8.4 Hz), 7.46 (t, 4H, J= 7.2 Hz), 7.34
(t, 4H, J = 6.8 Hz). "C NMR (100 MHz, CDCl,, §): 142.4, 140.4,
140.2, 135.7, 132.1, 131.3, 127.2, 126.4, 124.0, 120.8, 120.7, 118.0,
111.3, 110.0; MS (APCI-TOF) m/z [M]: calculated for C,;H,N,, 662.73;
found, 662.24.

Preparation of polymers PHN-1 and PHN-2: To a round-
bottomed flask, iron (II) chloride (245 mg, 0.91 mmol) and anhydrous
DCM (5.0 mL) were added at room temperature. M-1 (100 mg, 0.15
mmol) completely dissolved in anhydrous DCM (10 mL) was injected
into the suspension successively and stirred overnight. The entire
reaction system was continuously protected with argon and completely
excluded from oxygen until the reaction was completed. After the
reaction was finished, anhydrous methanol was added and stirred for 30
minutes to dissolve iron (III) chloride. The undissolved solid was
washed repeatedly by three varying organic solvents and water. Finally,
after Soxhlet extraction with methanol and THF for 24 h, respectively,
polymer PHN-1 was obtained as a brick-red powder (97 mg, 97.0%)
with drying for 12 h.

According to similar synthetic procedures to polymer PHN-1,
PHN-2 was prepared from monomer M-2 (100 mg, 0.15 mmol) to
afford a yellowish solid (95 mg, 95.0%).

Preparation of polymers PHN-1-TZ and PHN-2-TZ: Under argon
atmosphere, PHN-1 (200 mg, 0.30 mmol, calculated based on the
repeating unite) was dispersed in anhydrous DMF (20 mL) with
magnetic stirring for 30 min. To the solution, ammonium chloride (321
mg, 6.00 mmol) and sodium azide (390 mg, 6.00 mmol) were added at
the same time. The resulting suspension was stirred at 120 °C under the
argon protection for 3 days. After being cooled down to room
temperature, the dilute hydrochloric acid (70 mL, 0.25 mol L") was
added dropwise to precipitate the solid product completely. The mixture
was centrifugated and washed by water several times to obtain polymer
PHN-1-TZ (204 mg, 90.5%) after the Soxhlet extraction with methanol
and THF for 24 h and drying in vacuum.

According to similar synthetic procedures to polymer PHN-1-TZ,
PHN-2-TZ was prepared from the parent polymer PHN-2 (200 mg) to
afford a yellowish solid (210 mg, 93.2%).

Preparation of Polymers PHN-1-AO and PHN-2-A0O: Under
magnetic stirring, PHN-1 (100 mg, 0.15 mmol), anhydrous potassium
carbonate (100 mg, 0.72 mmol) and hydroxylamine aqueous solution
(5.0 mL) were dissolved or dispersed in alcohol (20 mL) at 70 °C for 2
d. After being cooled down to room temperature, the suspension
mixture was filtered and washed by ultrapure water, methanol, DCM
and THF repeatedly. Finally, a light yellow solid PHN-1-AO (105 mg,
92.2%) was produced after Soxhlet extracts with methanol for 12 h and
drying in vacuum for 24 h.

According to similar synthetic procedures to polymer PHN-1-AO,
PHN-2-AO was prepared from parent polymer PHN-2 (100 mg, 0.15
mmol) to afford a light yellow solid (107 mg, 94.0%).

2.4 Uranium extraction tests

Uranium uptake studies in simulated seawater: All the uranium
solutions (500 ml) with different uranium concentrations (i.e., 10, 20,
30, and 40 ppm) were obtained via the adjustment of different uranyl
nitrate hexahydrate and sea salt (16.7 mg). The pH of uranium solution
was modulated at 7.5 by hydrochloric acid or sodium hydroxide before
the measurement. All the uranium uptake tests of the prepared polymers
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were carried out according to the same procedures. For instance, PHN-
1-AO (5.0 mg) and uranium solution (500 mL, 10 ppm, pH 7.5) were
added in the plastic bottle and were placed in a constant rocking shaker
at the speed of 100 rpm. At intervals of 2 h, aliquots (5.0 mL) of the
sample were separated from the mixture and filtered through syringe
membrane filter (0.45 pm). The uranium concentration in the resulting
solutions and uranium uptake were analyzed quantitatively via the
reported method.”

Uranium uptake studies in real seawater with excess uranium: The
real seawater with excess uranium was prepared by the addition of
uranyl nitrate hexahydrate in the filtered real seawater (500 mL). The
prepared polymer adsorbent (5.0 mg) and the real seawater with excess
uranium (500 mL, 8.02 ppm) were added in the plastic bottle and were
placed in a constant rocking shaker at the speed of 100 rpm. The uptake
capacity of the adsorbent for uranium in real seawater with excess
uranium was tested by the same method in simulated seawater.” The
adsorbent PHN-1-AO was eluted with sodium hydroxide solution (1.0
M) in its regeneration reseacrh.

3. Results and Discussion

3.1 Preparation and characterization

Synthesis routes to the monomers and polymers are shown in Scheme
1. The carbazole derivative 4-(9-carbazolyl)benzaldehyde was chosen
as the starting material to prepare monomers at room temperature. The
obtained material was coupled with phenylenediacetonitriles through
the Knoevenagel condensation™” to obtain monomers M-1 and M-2 in
high yields efficiently. The monomers containing cyano groups can be
synthesized quickly under the basic condition in 30 mins at room
temperature without using the poisonous chemical reagents such as
NaCN or CuCN,"* which are usually used to prepare cyano-containing
small molecules. The successful preparation of monomers M-1 and M-
2 has been confirmed by 'HNMR, "CNMR and MS (see Supporting
Information), which indicate that monomer M-1 is a mixture of isomers
and monomer, while M-2 is a pure compound. Based on our and others
previous work, ***” oxidative coupling polymerization was selected to
economically prepare conjugated polycarbazoles PHN-1 and PHN-2

MeONa

2 N o K©\|
-@—CIIO NC CN CN____

OO @
O PHN-1 (para)

PHN-2 (meta)

from the corresponding monomers catalyzed by the low-cost and non-
toxic catalyst FeCl, in high yields at room temperature. Given that no
special functional group but carbazole involved in this polymerization,
the cyano groups in PHN-1 and PHN-2 were completely preserved.
The PHN-1 and PHN-2 were further modificated by NaN, and NH,Cl
at 120 °C to convert cyano groups to tetrazoles via [2+3] cycloaddition
reaction,” and the corresponding PHN-1-TZ and PHN-2-TZ with
tetrazoles were obtained. Besides, amidoxime-modificated PHN-1-AO
and PHN-2-AO were also prepared by treatment PHN-1 or PHN-2
with hydroxylamine reagents. Hydroxylamine hydrochloride was firstly
tried with K,CO,, however, most of cyano groups could not be
converted to amidoxime groups. Finally, excessive hydroxylamine
aqueous solution (50%) was used to push and complete this difficult
heterogeneous transformation. All the prepared polymers were also well
characterized.

From the (CP/MAS) NMR spectra of PHN-1 and PHN-2 (Fig.
la), the observed chemical shifts and signal intensities of the polymers
are consistent with the "CNMR spectra of the corresponding monomers.
Generally, the observed distinctly four broad peaks with different
chemical shifts (about 140, 125, 120 and 110 ppm) are similar to the
reported data of other porous conjugated polycarbazoles.”** The
assignment of resonance peaks and detailed explanation of (CP/MAS)
NMR spectra of PHN-1 can be found in supporting information (Fig.
S1). Post-modification of cyano-bearing polymers PHN-1 and PHN-2
can be verified clearly by FTIR spectra shown in Figs. S2 and 1b. For
example, the FTIR spectrum of PHN-2 shows the characteristic
vibration absorption peak of cyano groups at 2215 cm™ (Fig. 1b)." After
modification of PNH-2 to PNH-2-TZ, the signal peak of -C=N at 2215
cm’ of PNH-2-TZ becomes much weaker and the appearance of a new
absorption peak at 1650 cm’ is ascribed to the C=N- stretching
vibration derived from the tetrazole ring of PHN-2-TZ. Moreover, a
new absorption peak at about 3380 cm” is attributed to the stretching
vibration of N-H in the tetrazole ring.” When PHN-2 was converted to
PNH-2-AO, the disappearance of the signal peak of -C=N at 2215 cm’”
and a new absorption peak of -C=N- at 1658 c¢m” were found for the
FTIR spectrum of PHN-2-AO." The strong absorption peaks at about

FeCly

M-1 (para)
M-2 (meta) O

PHN-1-TZ (para)
PHN-2-TZ (meta)

@ O
PHN-1-AO (para)

PHN-2-A0 (meta)

Scheme 1 Synthesis routes to the monomers and polymers.
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Fig. 1 (a) "C NMR spectra of M-1, M-2, PHN-1, and PHN-2. (b) FTIR spectra of the polymers PHN-2, PHN-2-TZ, and PHN-2-AO.
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Fig. 2 N1s XPS data (a, b, ¢) and TGA plots (d) under N, atmosphere of PHN-2, PHN-2-TZ, and PHN-2-AO.
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3460 and 3385 cm’ also respond to the -NH, and -OH groups derived
from the amidoxime groups in PHN-2-AQ.™*

To further prove the successful post-modification, XPS data of
nitrogen species of the six polymers were investigated. As shown in
Fig. 2a, the N 1s peak of PHN-2 is composed of the nitrogen in N-
phenyl carbazoles and the nitrogen of cyano groups with the bonding
energy of 399.2 and 400.0 eV, respectively. After being converted to
PNH-2-TZ, its N 1s peak was located at the higher binding energy
(Fig. 2b) and divided into six different nitrogen signal peaks including -
C-NH- (399.5 eV), N-phenyl carbazole (399.9 eV), -C=N-N (401.8 eV),
the residuary -C=N =N(400.3 eV), -N-N=N (401.2 eV), and N=N-N=
(400.5 eV), individually.” For PHN-2-AO, the N 1s XPS data (Fig. 2c)
indicate three different N signals derived from N-phenyl carbazole
(399.4 eV), =N-OH (400.1 eV) and -NH, (399.6 eV), respectively.
Similar results were found for the XPS data of nitrogen species in the
polymers PHN-1, PNH-1-TZ and PHN-1-AO (Fig.s S3a-c).

Thermal stability of the prepared monomers and polymers were
studied by TGA in the N, atmosphere. The corresponding plots are
shown in Fig.s 2d and S4. Monomers M-1 and M-2 show a 5% mass
loss at about 490 °C and appears 52% mass loss at around 800 °C.
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After polymerization, the obtained polymers such as PHN-2 exhibit
higher decomposition temperature at about 550 °C and much lower
mass loss (about 18%) at around 800 °C (Fig. 2d), which imply the
successful polymerization. Post-modification from PHN-2 to PHN-2-
TZ or PHN-2-AO results in a decreased decomposition temperature at
about 200 °C.”" However, their mass loss at around 800 °C is still less
than 35% due to the cross-linking nature, which is also the reason that
all the prepared polymers are insoluble in common organic solvents,
even in dilute acid and alkali aqueous solution. Microscopic structure of
PHN-1 and PHN-2 were observed by SEM, as shown in the Fig.s SSa-
b, both of them are composed of irregular aggregated particles similar to

most of porous polycarbazoles reported before.***

3.2 Porosities

Nitrogen adsorption—desorption isotherms at 77 K were measured to
analyze the porosities of all the polymers. As shown in Fig.s 3a and 3b,
all polymers have the sharp rise in N, adsorption at a very low relative
pressure (< 0.01), which indicates the existence of microporous
substructure.”” PHN-1 and PHN-2 have deep rise N, uptake at a high
relative pressure (> 0.9), demonstrating the presence of macroporous
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Fig. 3 Nitrogen adsorption—desorption isotherms of all prepared polymers (a and b) measured at 77 K and their PSD profiles calculated by NLDFT
(inset). The adsorption and desorption branches are labeled with solid and open symbols, respectively.

Table 1 Porosities and CO, uptake capacities of polymers.

Polymers Sper Vieta” Dpore CO, uptake ¢
(m’ g™ (cm’ g™ (nm) (Wt%)
PHN-1 340 0.20 1.74,3.31 413
PHN-2 293 0.15 1.52, 3.44 3.18
PHN-1-TZ 262 0.11 1.95 4.87 (6.96) ¢
PHN-2-TZ 235 0.09 2.10 493 (6.12) ¢
PHN-1-AO 206 0.08 1.25 ;
PHN-2-AO 184 0.07 1.24 -

“ Specific surface area calculated from the nitrogen adsorption isotherm using the BET method. * Total pore volume at P/P,=0.99. ‘ Date calculated from
nitrogen adsorption isotherms with the NLDFT method. “Date were obtained at 1.0 bar and 298 K. Date were obtained at 1.0 bar and 273 K.
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structure. In addition, for PHN-1, PHN-2, PHN-1-TZ, and PHN-2-
TZ, the appearance of hysteresis loops between the adsorption and
desorption curves manifests that the pore width has some mesoporous
distribution. As to PHN-1-AO and PHN-2-AO, their isotherms exhibit
type I nitrogen sorption isotherms according to the IUPAC
classification,” since the nitrogen adsorption increases slowly with the
increase of the relative pressure, even in a high relative pressure (>
0.9).”* The BET specific surface area (S,) values of PHN-1 and
PHN-2 are 340 and 293 m’g', severally. Post-modification from PHN-
1 and PHN-2 to the polymers containing tetrazoles (PHN-1-TZ and
PHN-2-TZ) or amidoxime groups (PHN-1-AO and PHN-2-AO) gives
rise to a decreased S, which is in the range from 262 to 184 m’ g'.
The corresponding PSD profiles of all polymers are shown in the insets
of Figs. 3a and 3b. The dominant pore size of PHN-1 is mainly
centered at 1.74 and 3.2 nm. After modification, the dominant pore
sizes of PHN-1-TZ and PHN-1-AO are decreased to about 1.95 and
1.25 nm, respectively. Similar PSD change tendency is found for the
polymers PHN-2, PHN-2-TZ and PHN-2-AO. The key parameters of
polymers porosity derived from their adsorption isotherms are shown in
Table 1.

3.3 CO, uptake and uranium extraction performance
The cyano-bearing conjugated porous polycarbazoles are suitable
matrix to produce functional porous polymers by the corresponding
post-modification, which was used to endow the materials with
different specific functions to solve the environment problem caused by
CO, emisions stemed from the burning of fossil fuel in the power
plants,"® and the shortage of raw material uranium as well as the
leakage of extremely radioactive and highly toxic radionuclide in
utilization of nuclear energy,”™” individually.

As we know, nitrogen-rich organic porous materials especially
porous polymers based on N-heterocycles such as pyridine,”
carbazole4™* and tetrazole™ exhibit high binding abilities to CO, due to
the Lewis acid-Lewis base interactions as well as the local-dipole-
quadrupole interactions between the matrix and polarizable CO,
molecules induced by high charge density of the nitrogen sites.'
Tetrazole group with pKa about 4.89 possesses basic feature and acidic
hydrogen, which show high affinities to CO, not only by the interactions

mentioned above but also through the hydrogen bonding with oxygen
atoms of CO,” Therefore, the modification of cyano groups into
tetrazole groups is expected to improve the uptake capacities of porous
polycarbazoles for CO, more than other gases. Uptake behavior of the
related polymers for CO, was measured at 298 K under low pressure.
Based on the carbon dioxide physisorption isotherms of polymers
shown in Fig.s 4a and 4b, as expected, tetrazole-modified polymers
PHN-1-TZ and PHN-2-TZ with a lower BET specific surface area
exhibit higher CO, uptake capacities than corresponding parent
polymers, individually. To our surprise, up to 55.0% enhancement of
CO, uptake was found for PHN-2-TZ (4.93 wt%) after post-
modification from PHN-2 (3.18 wt%) at 298 K and 1.0 bar. This
indicates that the incorporation of the tetrazole groups into porous
polymers greatly promoted the CO, adsorption performance. At the
conditions of 273 K and 1.0 bar, PHN-1-TZ and PHN-2-TZ show
higher uptake capacities about 6.96 wt% and 6.12 wt%, respectively
(Fig. S6).

The CO, uptake capacity of polymers PHN-1-TZ and PHN-2-TZ
was enhanced apparently when the pressure was higher than 0.8 bar.
Probably, the conformation changes of the polymer due to the rotation
and stretching of randomly packed network have taken place with the
“dissolving” CO,. Thus, some “hidden” micropores and surface area in
the polymers might be accessible for CO, to continually permeate into
the matrix.” The S, of PHN-1-TZ (262 m’ g' ) is much lower than
most of reported porous organic polymers” such as ACMP-C (629 m’
g' )" CMP-1-COOH (522 m’ g ), SPOP-7(470 m’ g"),* and COF-
102 (3530 m’* g").” However, the CO, uptake capacity of PHN-1-TZ
can be comparable to, even higher than those materials (6.8 wt% for
ACMP-C, 7.0 wt% for CMP-1-COOH, 8.2 wt% for SPOP-7, and 5.3
wt% for COF-102) under the same conditions. From this comparison,
the chemical nature changed by post-modification has a crucial
influence on the gas uptake capacity of the polymer matrix.

PHN-1-AO and PHN-2-AO with amidoxime groups and stable
porous structure were performed for uranium adsorption test in
simulated seawater with different uranium concentrations (i.e. 10, 20,
30, and 40 ppm) at pH about 7.5. As shown in Fig. 5a, the adsorption
capacities of PHN-1-AO for uranium at concentrations of 10 and 20
ppm are about 142.5 and 182.7 mg g' respectively. When uranium
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Fig. 4 CO, adsorption isotherms of the prepared polymers under the low pressure at 298 K.
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Fig. 5 (a) Uranium adsorption isotherm for PHN-1-AO tested in the simulated seawater with different uranium concentrations (10, 20, 30, and 40 ppm)
and (b) uranium adsorption isotherm for PHN-1, PHN-2, PHN-1-AO, and PHN-2-AO tested in the real seawater with excess uranium (8.02 ppm).

concentration was increased to 30 and 40 ppm, the maximum
adsorption capacities of PHN-1-AO was about 224.5 mg g'.
Meanwhile, the time required for uptake saturation at lower uranium
initial concentration is about 8—10 h, longer than that at higher uranium
intial concentration (4-6 h). For PHN-2-AO, the maximum adsorption
capacity is about 172.4 mg g' (Fig. S7). As shown in Fig. 5b, further
uptake studies in the real seawater with high initial uranium content
(8.02 ppm) indicate that the maximum uptake of PHN-1-AO (119.4
mg g") is higher than that of PHN-2-AO (109.2 mg g"). However, both
PHN-1 and PHN-2 exhibit inappreciable and unstable uptake
capabilities for uranium, implying that the polymers containing
amidoxime groups (PHN-1-AO and PHN-2-AO) by post-modification
have significantly enhanced uranium extraction performance. The
uranium extration capacity of PHN-1-AO in real seawater with excess
uranium can be comparable to some reported porous organic polymers,
such as PAF-1-CH,AO (40 mg g")," MCP (165 mg g"),"" and MIPAF-
11c (37 mg g").* After one run of adsorption, PHN-1-AO was able to
be regenerated for next run of adsorption by treatment with NaOH (1.0
M). As shown in Fig. S8, it is demonstrated that PHN-1-AO can keep
its uptake capacity for uranium up to three cycles under the same
conditions with an adsorption value of 105.6 mg g ', which is similar to
that of the as-prepared PHN-1-AO and exhibits the promising
economic benefits as the adsorbent for uranium in the seawater.

4. Conclusion

In summary, without using poisonous chemical reagents such as NaCN
or CuCN, cyano-containing carbazoles M-1 and M-2 were synthesized
economically as monomers through the Knoevenagel condensation
under the basic condition in 30 mins at room temperature. Oxidative
coupling polymerization of M-1 and M-2 catalyzed by FeCl, produced
efficiently conjugated polycarbazoles PHN-1 and PHN-2 in high yields
at room temperature. Cyano groups in the obtained polymers were
further transformed to tetrazoles (PHN-1-TZ and PHN-2-TZ) by
treatment with NaN,/NH,Cl, and amidoxime groups (PHN-1-AO and
PHN-2-AO) by treatment with hydroxylamine aqueous solution,
respectively. Chemical structures of polymers were well characterized
and comfirmed by FTIR, "C NMR and XPS measurement. Porosities

50 | Eng. Sci., 2019, 6, 44-52

of all the polymers were evaluated based on their nitrogen
adsorption—desorption isotherms at 77 K. The BET specific surface area
values of PHN-1 and PHN-2 were 340 and 293 m’ g', respectively.
Owing to post-modification, porosities of the modified polymers
become lower. Post-modification from PHN-1 and PHN-2 to the
polymers containing tetrazoles (PHN-1-TZ and PHN-2-TZ) or
amidoxime groups (PHN-1-AO and PHN-2-AO) leads to decreased
specific surface areas, which are in the range from 262 to 184 m’ g'.
Based on the carbon dioxide physisorption isotherms of the related
polymers, tetrazole-modified polymers PHN-1-TZ and PHN-2-TZ with
the lower BET specific surface areas exhibit higher CO, uptake
capacities than corresponding parent polymers, individually. The
incorporation of the tetrazole groups into porous polymers has a great
promotion on the CO, adsorption performance of materials. For
example, up to 55.0% enhancement of CO, uptake was found for PHN-
2-TZ (4.93 wt%) after post-modification from PHN-2 (3.18 wt%) at
298 K and 1.0 bar. The polymers containing amidoxime groups by post-
modification have significantly enhanced uranium extraction
performance. For example, uranium ion adsorption tests in the real
seawater with excess uranium content (8.02 ppm) demonstrates a
maximum uptake of 119.4 mg g" for PHN-1-AO whcih is higher than
that of PHN-2-AO (109.2 mg g"). However, both PHN-1 and PHN-2
exhibit inappreciable and unstable uptake capabilities for uranium ion
(about 10 mg g"). This study demonstrates that the functionalization of
cyano-bearing conjugated porous polycarbazoles can remarkably
enhance CO, uptake, uranium extraction and many other applications.
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