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Porous organic polymers (POPs), allowing fine synthetic control over their chemical structures, have shown
great promise for addressing environmental issues. The high specific surface area and abundant porous
structures of POPs can provide large storage space to adsorb dye molecules. Meanwhile, the
introduction of polar groups, such as oxygen-containing functional groups in POPs, can not only
improve the hydrophilicity, but also provide a strong interaction with dye molecules, thereby improving
their adsorption performance. In this paper, an oxygen-rich porous polymer, POP-O, containing polar
carbonyl and hydroxyl groups,
polycondensation. The characteristic results show that POP-O exhibits a hierarchical pore structure with
a high specific surface area of 619 m? g~1. The combination of abundant polar functional groups and

high porosity endows POP-O with decent dye adsorption performance, and its theoretical maximum

was prepared by Sonogashira—Hagihara cross-coupling
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Introduction

Organic dyes in wastewater from paper printing, textile dyeing,
and plastic and food industries are one of the main sources of
water pollution,™? and they are highly hazardous to the aquatic
environment and potentially damaging to human health.
Adsorption is the most direct and effective way to remove
contaminants from water.>* Many porous materials with high
specific surface area and rich porous structures such as acti-
vated carbons,™ zeolites™® and porous organic polymers
(POPs),*™ have been used as adsorbents to remove organic dyes
from wastewater. Among them, POPs are attracting more and
more attention because of their unique advantages, such as
structural diversity, adjustable porosity and ease of
functionalization.

In order to achieve high adsorption capacity and selectivity
for specific organic substances, tailor-designed functional
moieties are often introduced into the porous polymer struc-
tures.””™ Generally, there are two methods to introduce special
functional groups into the porous polymers and the first one is
the post-functionalization method." For example, Fang et al.
synthesized polyarylether-based covalent organic frameworks
(COFs) with carboxyl or amino groups being functionalized
through post-modification process, achieving the removal of
antibiotics from water over a wide pH range.'* Song et al.
prepared cationic conjugated microporous polymers (CMPs) by
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adsorption capacity for Rhodamine B (Rh B) is calculated to be 1012 mg g~*.

post-polymerization functionalization and found that the
introduction of cations was beneficial to increasing the
adsorption rate and amount of anionic dyes such as Congo red
and methyl orange."”” However, the degree of post-
functionalization reaction is usually low and it may cause the
damage of the polymer structure during the post-modification
process. The other functionalization way is the bottom-up
method,"® which involves the direct polymerization of the
functional group containing monomers. This method could
accurately control the amounts and locations of functional
groups without damaging the structure of POPs. Some special
functional groups such as hydroxyl (-OH)," amino (-NH,),*®
carboxyl (-COOH)** and sulfonic acid (-SOsH) groups® have
been introduced into POPs through the bottom-up method and
the functionalized POPs have been extensively used in the field
of dye adsorption.

Among these functional groups, oxygen-containing func-
tional groups could bring about some special properties, when
they are incorporated into POPs.**** Firstly, the presence of
oxygen-containing groups can increase hydrophilicity of the
POPs and thus expand the contact area between POPs and the
dye molecules in water. Also, the oxygen-rich units could make
the functionalized POPs more electronegative, affording addi-
tional electrostatic interactions with cationic dye molecules.>®
Cooper et al. found that the introduction of hydrophilic
hydroxyl groups can improve the dye adsorption capacity of
CMPs.” Liu et al. prepared a novel triterpene and crown ether-
based porous copolymer POP-TCE-15, and found that there was
electrostatic interaction between the lone pair of electrons on
the O atom of crown-ether-15 and the positively charged
cationic dye methylene blue.>® Although recent studies have
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shown that introducing oxygen-containing groups could display
significant effects on the adsorption performance of the POPs,
the synergistic effect between different oxygen-containing
functional groups still needs to be studied. Based on the
above considerations, a novel oxygen-rich POP, containing
polar carbonyl and hydroxyl groups, was synthesized via Sono-
gashira-Hagihara cross-coupling polycondensation. The effects
of pore structure and polar groups on the adsorption perfor-
mance were discussed. Density functional theoretical (DFT)
calculation revealed that the carbonyl and hydroxyl groups of
POP-O ensured high binding energy toward Rh B molecules.

Experimental
Materials

2,5-Dichloro-3,6-dihydroxy-p-benzoquinone was purchased
from TCI, trimethylsilyl acetylene, 1,4-dibromobenzene, 1,3,5-
tribromobenzene, tetrakis(triphenylphosphine)palladium
(Pd(PPh;),), copper(i) iodide (Cul), trimethylamine (TEA), and
N,N-dimethylformamide (DMF) were all purchased from Ada-
mas. 1,3,5-Triethynylbenzene was synthesized by previously
reported literature methods.”” The NMR spectrum of 1,3,5-
triethynylbenzene is shown in Fig. S1.}

Synthesis of polymers

Experimentally, 1,3,5-triethynylbenzene (150 mg, 1 mmol), 2,5-
dichloro-3,6-dihydroxy-p-benzoquinone (209 mg, 1 mmol),
Pd(PPh;), (58 mg, 0.05 mmol) and Cul (19 mg, 0.1 mmol), were
dissolved in the mixture of DMF (20.0 mL) and TEA (20.0 mL).
The reaction mixture was heated to 80 °C and stirred for 72 h
under argon atmosphere. Then deionized water was added into
the resultant solution after it was cooled down to room
temperature. The polymer collected by filtration was washed
thoroughly with water, methanol, dichloromethane and
acetone. Further purification of the polymer was achieved by
Soxhlet extraction with methanol, chloroform and tetrahydro-
furan. The product was dried in vacuum for 24 h at 80 °C and
POP-O was obtained in 72% yield as a brown solid.

For comparison, a structural analogue polymer without
oxygen-containing polar groups, POP-B, was synthesized
(Scheme S17) according to the literature.*

Characterization

Fourier transformed infrared (FT-IR) spectra were recorded in
transmission mode on a Bruker VERTEX 70 FT-IR spectrometer.
3C CP-MAS (cross-polarization magic-angle-spinning) solid-
state NMR was recorded on BRUKER AVANCE III HD 400
MHz NMR spectrometer. Elemental analysis was measured by
Elementer Vario EL elemental analyzer. The thermal stability of
POP-O was evaluated by thermogravimetric analysis (TGA) under
N, atmosphere with a heating rate of 5 °C min~* and over the
temperature range of 30-800 °C. X-ray diffraction (XRD) was
carried out on Philips X' Pert Pro. Scanning electron microscopy
(SEM) images of POP-O were obtained by the Nova Nano SEM 450
scanning electro-microscope. Transmission electron microscopy
(TEM) images of the POP-O were performed on the Tecnai G2 F30
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(FEI Holland) transmission electron microscope. Surface area and
pore size distributions (PSDs) (77 K) were measured by using
Belsorp-Max Automatic Micropore Adsorption Analyzer. Before
analysis, the sample was degassed in a vacuum at 120 °C for 12 h.
The surface area was calculated based on nitrogen adsorption
isotherms by Brunauer-Emmett-Teller (BET). Ultraviolet-visible
spectra were measured on a UV-vis-NIR spectrophotometer (UV-
3600) at room temperature, over the wavelength range of 400-
800 nm. The particle size distribution and zeta potential were
measured by the Nano-ZS Malvern instrument.

Dye adsorption measurement

Experimental operation: at a temperature of 298 K, 10 mg of the
polymer was weighed into multiple glass bottles containing
20 mL of Rh B solution at various concentrations, and the
mixture was agitated at 180 rpm for different time intervals.
After adsorption, the polymer is filtered and the absorbance of
the remaining solution is measured by UV-vis spectra to obtain
the resultant dye concentration (characteristic absorbance peak
of Rh B is 554 nm).

The calculation formula of the adsorption capacity of the
polymer to Rh B is:

(Co — C)V
m

Among them, C, is the initial concentration of Rh B aqueous
solution (mg L™ "); C, is the concentration of Rh B in the solution
in ¢ hour (mg L™ Y); Vis the volume of Rh B aqueous solution (L);
m is the mass of polymer (g).

The Langmuir and Freundlich models were used to fit the
adsorption isotherm. Rh B aqueous solutions with initial
concentrations of 214, 276, 328, 481, 498, 546 and 663 mg L~
were selected for testing, and the sampling time was 18 h.

The Langmuir equation is:

C. 1 C.
J’_

qe - KLqm dm

The Freundlich equation is:

In ¢. :anFJr% In C,
Among them, g, is the maximum adsorption capacity of Rh B
by polymer (mg g~ '); C. is the equilibrium concentration (mg
L™Y; K, is the Langmuir constant; Ky is the Freundlich
constant; and 1/n is the adsorption index.

A pseudo-first-order*® kinetic model and pseudo-second-
order kinetic model*® were used to fit the kinetic process of
polymer adsorption of Rh B.

The formula of the pseudo-first-order kinetic model is:

4= qo(1 —e ™)

The formula of the pseudo-first-order kinetic model is:

t 1 t

= +
@ kgl qe
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Scheme 1 Synthetic route of the polymer POP-O.

Among them, ¢. is the equilibrium adsorption capacity of Rh B by
polymer (mg g '); ¢, is the adsorption capacity of Rh B by polymer
in ¢ hour (mg g~ "); k, is the pseudo-first-order fitting constant; k, is
pseudo-second-order fitting constant; ¢ is time (h).

Results and discussion
Synthesis and characterization

The POP-O was synthesized by Sonogashira-Hagihara cross-
coupling polycondensation according to the procedure shown
in Scheme 1. The monomer 1,3,5-triethynylbenzene with three
functionalities is used as the strut to construct the network
structure and the comonomer 2,5-dichloro-3,6-dihydroxy-p-
benzoquinone containing polar carbonyl and hydroxyl groups,
is chosen as the oxygen-rich moiety. Due to the crosslinked
skeleton, the obtained POP-O was insoluble in common organic
solvents such as dichloromethane, tetrahydrofuran, methanol,
acetone, N,N-dimethylformamide. The chemical structure of
POP-O is confirmed by Fourier transform infrared (FT-IR)
spectroscopy and solid-state **C CP-MAS NMR. In the FT-IR
spectra (Fig. S21), the C-CI absorption of POP-O at 1263 cm ™"
almost disappear after the polycondensation, indicating high

Fig. 1
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polymerization efficiency. FT-IR spectra also show characteristic
absorbance bands at 1660 cm™" and 3290 cm ™' corresponding
to the C=0 and O-H stretching vibrations, respectively, indi-
cating the presence of carbonyl and hydroxyl groups. Moreover,
solid state **C CP-MAS NMR spectra of POP-O (Fig. S31) shows that
aromatic carbon displays in broad peaks from 110 to 150 ppm and
two characteristic broad peaks of ethynyl groups could be found at
80 to 90 ppm.*® Meanwhile, the elemental analysis of the polymer
shows that the mass fractions of carbon atoms and hydrogen
atoms in POP-O are 68.86% and 2.1% respectively, which are
basically consistent with the theoretical content, further confirm-
ing the chemical structure of the POP-O.

Thermogravimetric analysis curve (TGA) of POP-O is shown
in Fig. S4.1 The first weight loss (10.9%) stage of POP-O was
around 210 °C, which could be assigned to the weight loss of the
adsorbed solvent. The following weight loss of the polymer
could be further attributed to the decomposition of the frame-
work. Because there is a certain amount of hydroxyl groups in
the polymer structure, compared with other POPs, the thermal
stability of the POP-O is slightly inferior.**** The powder X-ray
diffraction pattern of POP-O shows a broad peak in the range
of 5-35° without obvious sharp peaks (Fig. S51), indicating the
amorphous structure of POP-O. The morphology of polymer is
investigated by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). It could be observed that the
POP-O manifests as irregular particle accumulation (Fig. 1a—c). As
can be seen from the TEM images (Fig. 1d-f), POP-O exhibits as
flake shape. These particles assembled from flakes can help
improve the contact area between the polymer and the organic
dye.** In order to understand the hydrophilic property of the
material, the contact angle between POP-O and water is tested
(Fig. S6t). POP-O shows a contact angle with water of 60°, while
POP-B exhibits a contact angle with water of 109°, indicating that
the oxygen-containing functional groups could improve the
hydrophilic property of the polymer. Decent hydrophilicity makes
POP-O easier to form a uniform dispersion in aqueous solution,
thereby helping to improve the adsorption performance.

%

(a—c) Scanning electron microscopy (SEM) images of POP-O; (d—f) transmission electron microscopy (TEM) images of POP-O.
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Fig. 2 Nitrogen adsorption—desorption isotherm (a) and pore size
distribution (b) of the polymer POP-O.

Porosity of POP-O

The porosity of POP-O is measured by nitrogen adsorption and
desorption experiments at 77 K. As shown in Fig. 2a, POP-O
shows a combination of Type I and Type IV sorption
isotherms with a hysteresis loop. The specific surface area of the
POP-O is calculated to be 619 m* g~ * by the BET model. The
pore size distribution of POP-O is shown in Fig. 2b, which is
obtained from the nonlocalized density functional theory
(NLDFT). POP-O mainly has micropores around 0.9 nm and
mesopores around 2.2 nm, and there are also some mesopores
at 5-40 nm. The results indicate that there is a hierarchical pore
structure in the polymer. This hierarchical pore structure
combines the advantages of micropores and mesopores, which
could improve the mass transfer rate of the material and facil-
itate the entry of dye molecules into POP-O, thereby increasing
its application potential in the field of adsorption.

Particle size and zeta potential

The adsorption performance of the polymer is not only related
to its porosity, but also has an important relationship with the
particle size in the solution.**?*® 10 mg of the polymer was
sonicated in 20 mL of aqueous solution for 5 minutes, and then
its particle size was measured through light scattering method.
As shown in Fig. S7, the particles of POP-O have two size
distributions of 1000-1700 nm and 100-180 nm, which is
consistent with the observation result of the SEM images. The
large-sized particles are formed from the aggregation of small-
sized nanoparticles. Meanwhile, the particle size distribution
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of POP-B only shows one peak centered at 1414 nm. Smaller
particle size of POP-O is beneficial for the adsorption of dye
molecules. To further characterize the stability of the colloidal
dispersions, zeta potential of the obtained polymers were
measured. It is found that POP-O shows a zeta potential value of
—27.4 mV, while the zeta potential value of POP-B is —12.7 mV,
indicating higher stability of the POP-O dispersion.

Dye adsorption properties of POP-O

With large amounts of oxygen-rich groups and hierarchical pore
structure, POP-O could potentially possess good adsorption
capabilities for organic dye pollutants from water. We used
Rhodamine B (Rh B) as the adsorbate to study the adsorption
properties of POP-O for water-soluble pollutants. Fast kinetic
adsorption capacity is one of the key factors for adsorbent,
which directly determines the actual adsorption efficiency of
the adsorbent. Adsorption of Rh B solution at 25 °C with an
initial concentration of 481 mg L' is shown in Fig. 3a. The
adsorption amounts of Rh B by POP-O increases rapidly within
the first hour, and then gradually reaches equilibrium (Table
S1t). The POP-O displayed an absorption of 590 mg g ' at
equilibrium, and the adsorption capacity of the comparative
analogue polymer POP-B is 390 mg g ' in equilibrium. The
experimental data of the Rh B adsorption onto POP-O is fitted to
the Langmuir and Freundlich adsorption isotherm models
respectively (Fig. S8a, b and Tables S2, S37). It can be seen that
the adsorption of Rh B by POP-O is more in line with the
Langmuir isotherm adsorption equation (R> = 0.99367) than
Freundlich isotherm adsorption equation (R* = 0.98591), indi-
cating that the Rh B adsorption onto POP-O is probably in
a monomolecular-layer manner.” The maximum adsorption
capacity of POP-O toward Rh B can thus be calculated through
Langmuir equation to be 1012 mg g~ ', which is better than the
adsorption capacity of many organic porous materials that have
been reported so far, as shown in Table 1. The excellent
adsorption capacity of POP-O for Rh B is mainly attributed to
the following reasons. Firstly, due to the presence of hydroxyl
and carbonyl groups, the POP-O has good hydrophilicity, which
make POP-O easier to form a uniform dispersion in Rh B

(b)

qe (mg/g)

—

Cycle

(a) The adsorption capacity of Rh B by polymers over time; (b) recyclability of POP-O for the Rh B adsorption.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01382c

Open Access Article. Published on 29 April 2021. Downloaded on 3/14/2026 9:37:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Tablel Comparison of the maximum equilibrium adsorption capacity
of different porous polymers towards Rh B at room temperature

Adsorbents gmax (Mg g~ ") of Rh B Ref.
HJ-1 73.5 37
CoOF 72.15 38
SA-MMNPs 216 39
PDVB-VI 260.42 40
C-NSAyap, HCP@Br 142 M
POP-TCE-15 421.9 26
CuP-DMNDA-COF/Fe 424 10
h-COP-P 460 42
DPT-HPP 256.40 43
CTF-CTTD 684.9 44
Noria-POP-1 855 45
HCPs-5% 1400 46
AzoPPOP 1357.58 47
POP-O 1012 This work

aqueous solution. Secondly, the oxygen-rich units make POP-O
electronegative, which allow additionally strong electrostatic
interactions with cationic dye molecules (Rh B). The last but not
least, the large specific surface area of POP-O provides a large
storage space for the adsorption of dye molecules. The sche-
matic adsorption process is shown in Fig. S9f. When POP-O is
added to the aqueous solution of Rh B, the electronegative POP-
O interacts with Rh B electrostatically. Meanwhile, the hierar-
chical pore structure is also beneficial to the adsorption of Rh B.

Pseudo-first-order and pseudo-second-order kinetic models
are employed to fit the adsorption kinetic data (Fig. S10a, b and
Table S471), and the corresponding fitting parameters in Table
S41 show that the pseudo-second-order kinetic model can better
describe the kinetic data due to the higher correlation coeffi-
cient (R> = 0.99983). The results indicate that dye adsorption
process appears to be controlled by the chemisorption process
involving covalent forces through sharing or exchange of elec-
trons between surface functional groups of POP-O and the
positive charged of Rh B.

Stability and recycling are very important for POPs to be used
as an adsorbent for industrial applications. The recyclability of
POP-O for adsorption of Rh B was evaluated for nine cycles
under the same condition. Before each run, the used POP-O was
washed several times in ethanol until the colour of the filtrate
became clear. The adsorption capacity of the POP-O in the nine
adsorption cycles is shown in Fig. 3b. No loss of Rh B adsorption
capacity is observed, indicating that POP-O has good adsorption
stability and recyclability. Meanwhile, the SEM images, FT-IR
spectra and PXRD patterns of POP-O were tested after the
cycles, and found that there were no significant changes
(Fig. S11-5131).

To clarify the possible mechanism of the adsorption process,
the binding energies (BEs, BE = Eiotal — Esegment — Ern B)**
between the Rh B molecule and polymer segments are calcu-
lated by density functional theory (DFT) using Materials Studio
software with the GGA-PBE basis set as shown in Fig. 4. The
other three scaffolds only containing carbonyl or hydroxyl or
neither were selected as model systems for comparison. After
the optimization of all the moieties and their complexes,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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L%

BE =-3.779 ¢V

BE =-3.751 eV

BE =-3.571 eV

Fig. 4 Binding energies of Rh B molecule with the segments of
polymers network (C, gray; N, blue; H, white; O, red; Cl, green) (a) the
POP-O segment; (b) POP-O analogue with only carbonyl groups; (c)
POP-O analogue with only hydroxyl groups; (d) POP-O analogue
without carbonyl and hydroxyl groups.

a difference in binding energies (BEs) is found where the POP-O
segment shows the maximum BE toward Rh B with a value of
—3.779 eV (Fig. 4). The results of the theoretical analysis show
that the synergistic effect of different oxygen-containing func-
tional groups in POP-O has a crucial influence on the Rh B
adsorption ability. According to the experimental results and
DFT calculations, it is suggested that the structural features of
abundant oxygen-containing groups, high surface area, and
hierarchical pore structures of POP-O work together to achieve
excellent adsorption performance of Rh B dyes from aqueous
solutions.

Conclusions

In summary, an oxygen-rich POP(POP-O) was prepared through
Sonogashira-Hagihara cross-coupling polycondensation using
monomers containing carbonyl and hydroxyl groups. The
introduction of polar groups in POP-O not only improves the
hydrophilicity, which makes POP-O easier to form a uniform
dispersion in Rh B aqueous solution, but also can make POP-O
more electronegative, which allows additionally strong electro-
static interactions with Rh B. Meanwhile, the high specific
surface area of POP-O and the presence of hierarchical pore
structure can provide a large storage space to adsorb dye
molecules. POP-O exhibits excellent dye adsorption perfor-
mance, and theoretical maximum adsorption capacity for Rh B
can reach 1012 mg g '. This result indicates that through
delicate structure design, functional POPs can be used as
effective adsorbents for water treatment.
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