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The extensive use of bisphenol analogues in industry has aggravated the contamination of the water
environment, and how to effectively remove them has become a research hotspot. This study presents
two imine-based covalent organic frameworks with different pore sizes (COFs) [TAPB (1,3,5-tris(4-
aminophenyl)benzene)-Dva (2,5-divinylterephthaldehyde)-PDA (terephthalaldehyde) (COF-1), and TAPB
(1,3,5-tris(4-aminophenyl)benzene)-Dva (2,5-divinylterephthaldehyde)-BPDA (biphenyl dialdehyde) (COF-
2)], which have achieved the efficient adsorption of bisphenol S (BPS) and bisphenol A (BPA). The
maximum adsorption capacity of COF-2 for BPS and BPA obtained from Langmuir isotherms were
calculated as 200.00 mg g~* and 149.25 mg g~*. Both hydrogen bonding and m—m interactions might
have been responsible for the adsorption of BPS and BPA on the COFs, where the high adsorption
capacity of COFs was due to their unique pore dimensions and structures. Different types of
pharmaceutical adsorption studies indicated that COF-2 exhibited a higher adsorption performance for
different types of pharmaceuticals than COF-1, and the adsorption capacity was ranked as follows:

bisphenol pharmaceuticals > anti-inflammatory pharmaceuticals > sulfa pharmaceuticals. These results
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Accepted 10th May 2021 confirmed that COFs with larger pore sizes were more conducive to the adsorption of pollutants with

, smaller molecular dimensions. Moreover, COF-1 and COF-2 possessed excellent pH stability and
DOI: 10.1039/d1ra02342j recyclability, which suggested strong potential applications for these novel adsorbents in the remediation

rsc.li/rsc-advances of organic pollutants in natural waterways and aqueous ecosystems.

and increasingly stringent legal requirements related to the emis-
sion of synthetic organic chemicals, it is urgent to investigate simple

1. Introduction

(cc)

In recent years, myriad synthetic organic chemicals such as phar-
maceuticals, personal care products, and endocrine disruptors have
been extensively used and subsequently discharged into various
aquatic environments, which has raised widespread concern
regarding the safety of the water environment." Bisphenol A (BPA)
and bisphenol S (BPS), as representative bisphenol contaminants,
have been frequently detected in ambient waterways, which
increased their long-term potential toxicity risks to aquatic ecosys-
tems and humans.** Previous reports have confirmed that the main
hazards of bisphenol analogues were related to biological toxicity
and endocrine disrupting effects.* With growing global concerns

“School of Environmental Science and Engineering, Guangdong University of
Technology, Guangzhou, 510006, China. E-mail: wwy612@163.com; Fax: +86-
13538982812; Tel: +86-20-39322547

School of Environmental, State Key Joint Laboratory of Environmental Simulation and
Pollution Control (SKLESPC), Beijing Key Laboratory for Emerging Organic
Contaminants Control, Tsinghua University, Bejing, 100084, China

‘Key Laboratory for Yellow River and Huaihe River Water Environment and Pollution
Control, School of Environment, Henan Normal University, Xinxiang 453007, China

(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/d1ra02342j

18308 | RSC Adv, 2021, 11, 18308-18320

and effective strategies for the removal of bisphenol contaminants
from aqueous environments.

To date, various techniques have been explored for the
removal of bisphenols contaminants from aqueous environ-
ments, including adsorption,® chemical precipitation,® biolog-
ical degradation” and photocatalytic degradation.® Compared
with other methods, adsorption was regarded as an important
method in basic research and industrial applications in terms
of its operational simplicity and low cost.” Adsorbent is
considered to be the most important part of the adsorption
process, which determines the adsorption performance and
economic benefits. Many traditional adsorption materials such
as activated carbon (AC)," carbon nanotubes (CNTs),"
zeolites,'? graphene oxide (GO)** and metal-organic frameworks
(MOFs),** were used to eliminate the pollution of bisphenols
contaminants. An ideal adsorbate usually needs to include
three aspects: (i) excellent adsorption capacity and fast
adsorption rate; (ii) great regeneration performance; (iii) the
preparation process is simply and environmentally friendly.
Unfortunately, the existing adsorbents cannot meet the above
three conditions at the same time. Thus, it is necessary to

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


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra02342j&domain=pdf&date_stamp=2021-05-20
http://orcid.org/0000-0003-2441-3873
http://orcid.org/0000-0002-7329-7066
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra02342j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011030

Open Access Article. Published on 20 May 2021. Downloaded on 4/3/2026 11:32:21 PM.

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

(cc)

Paper

develop novel adsorbents that combines the above three aspects
to remove bisphenol pollutants in the water environment.

Covalent organic frameworks (COFs) is an emerging class of
crystalline porous organic polymers, with low densities, exten-
sive surface areas, adjustable pore sizes, and excellent chemical
and thermal stability."” Owing to these remarkable properties,
COFs have emerged as a novel porous adsorbent with strong
prospects in broad applications for the resolution of currently
serious energy and environmental related challenges, including
gas adsorption,'® optoelectronics,'” catalysis,'® proton conduc-
tion,'” and much more. Recently, COFs demonstrated excellent
adsorption performance for the removal of pharmaceuticals
and personal care products (DCF, BPA, SMT, etc.),**?* heavy
metal ions (Pb**, Cu®, Cr*, etc.)*** and dyes (methyl blue,
rhodamine B, methyl orange, etc.) from water solutions.?*?°

Although the adsorption performance of COFs for the target
pollutants have been explored, the adsorption characteristics and
mechanism, particularly the molecular-scale mechanisms
involved in pollutant adsorption processes, have not been
comprehensively elucidated. Therefore, it is necessary to deeply
study the interaction mechanism between COFs and target
pollutants. Additionally, previous research verified that imine
COFs with good water stability and abundant C=N binding sites
were a good choice for the removal of the contaminant from
wastewater, COFs with different pore sizes can be prepared
through skeleton design to remove pollutants of specific molecular
sizes. Thus, we explored and studied the behavior and mechanism
of imine-based COFs on bisphenols pollutants in wastewater, and
confirming the structure and physical-chemical properties by
a vary of characterization. Adsorption experiments were performed
to verify the adsorption performance of the prepared COF.

In this work, we systematically investigated the adsorption
behaviors and mechanisms of two imine-based COFs (COF-1
and COF-2) for the treatment of two bisphenol analogues (BPS
and BPA). The main contents of this work were as follows: (i) the
preparation and characterization of COFs; (ii) the adsorption
performance of the COFs for the removal of BPS and BPA under
different parameters (e.g.,, contact time, concentration,
temperature, pH, and ionic strength). (iii) The adsorption
mechanisms of the COFs for BPS and BPA were revealed via pH
and XPS analysis; (iv) different types of pharmaceuticals
adsorption study (e.g., nonsteroidal anti-inflammatory phar-
maceuticals and sulfa pharmaceuticals) were employed to
further confirm the adsorption mechanisms.

2. Materials and methods

2.1. Chemicals and materials

All the chemicals were purchased from commercial suppliers and
used without further purification. 1,3,5-Tris(4-aminophenyl)
benzene (TAPB, purity 98%), 2,5-divinylterephthaldehyde (Dva,
purity 98%), terephthalaldehyde (PDA, purity 98%), and biphenyl
dialdehyde (BPDA, purity 98%) were obtained from Shanghai
Kaiyulin Biological Technology Co. Ltd. (Shanghai, China). 1,3,5-
Trimethylbenzene (AR, 97%) (mesitylene), 1-butanol (7-BuOH)
(AR, 99%), methanol (AR, 99%), acetone (AR, 99%), tetrahydro-
furan (THF) (AR, 99%) and acetic acid (AcOH) (AR, 36%) were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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purchased from Shanghai Aladdin Biochemical Technology Co.
Ltd. (Shanghai, China). Drug adsorbates (purity 98%) including
bisphenol S (BPS), bisphenol A (BPA), bisphenol B (BPB), bisphe-
nol AF (BPAF), bisphenol F (BPF), diclofenac (DCF), and sulfame-
thoxazole (SMT) were obtained from Shanghai Maclin Biological
Technology Co. Ltd. (Shanghai, China), which their physical-
chemical properties are listed in Table 1.

2.2. Preparation of COFs

The COF-1 and COF-2 were synthesized via the methods of previous
report with some slight modifications.* In a typical procedure of
COF-1, a 25 ml schlenk tube was charged with TAPB (89.97 mg,
0.256 mmol), Dva (35.75 mg, 0.192 mmol), and PDA (25.75 mg,
0.192 mmol) in a solution of n-BuOH/mesitylene/3 M acetic acid
(10 : 5: 2 v/v/v, for a total of 6.8 ml). This mixture was sonicated for
5 min to form a homogeneous suspension. Subsequently, the tube
was flash-frozen at liquid nitrogen temperature (77 K), evacuated,
and sealed. Upon warming to room temperature, the tube was
heated at 120 °C for three days under a static condition. After
cooling, the yellow precipitate (COF-1) was isolated by centrifugation
and rinsed with THF (3 x 15 ml) and ethanol (3 x 15 ml), and the
material was dried overnight in a vacuum at 60 °C. The COF-2 was
synthesized using a similar method but changing PDA to BPDA, and
finally a yellow-brown powder was obtained.

2.3. Batch adsorption experiments

Batch adsorption experiments were performed to investigate the
adsorption capacities of the prepared COFs. Typically, 8.0 mg of
COFs powder was added to 40 ml bisphenol analogue solution with
different initial concentrations, ranging from 10 to 80 mg L™ *, and
the mixture oscillated for 24 h at 303 K, 220 rpm in a water bath
constant temperature oscillator to attain equilibrium. Following
adsorption, 1 ml suspension was extracted and filtered with a 0.45
um filter membrane. The concentration of bisphenols was measured
by high-performance liquid chromatography (HPLC), and the anal-
ysis of details can be found in Text S1.1 The adsorption capacity (mg
¢~ 1) of the COFs was calculated by the following equation:

(Ce— C()) XV

qe = m

In which, C, (mg g '), and C. (mg g ) are the initial
concentration and that at the equilibrium (after 24 h), respec-
tively, V (L) is the total volume of the bisphenol mixture, and m
(g) is the mass of the adsorbent.

All experiments were performed in a 100 ml centrifuge tube
protected from light to avoid the photodegradation of the BPS
and BPA. The adsorption kinetics, adsorption equilibrium,
adsorption thermodynamics, as well as the effect of pH and
ionic strength, and the recyclability of the adsorbents were also
investigated. All experiments were conducted in triplicate, with
the experimental details described in Table 1.

2.4. Characterization of COFs

The surface morphology of the samples was observed using
scanning electron microscopy (SEM, Hitachi SU-8220) and
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Table 1 Structures and physicochemical propertied of bisphenols pharmaceuticals, and other types of pharmaceuticals

Name Chemicals formula  Molecular structure Molecular weight — pKa/pK.,  Log Kow"  Molecular size [A]”
O
1l
S
Bisphenol S C1,H100,S /©/ !!\©\ 250.27 7.42/8.03  1.65 423
HO OH
Bisphenol F C13H150, O O 200.23 9.84/10.45 3.06 4.15
HO OH
Bisphenol A C1sH60, O O 228.29 9.78/10.39  3.32 4.36
HO OH
F,C. ,CF,
Bisphenol AF C1sH16F60, O O 336.23 9.13/9.74  4.47 4.67
HO OH
HO. OH
Bisphenol B C16H150, O O 242.31 9.77/10.38  4.13 4.49
Cl HN
Diclofenac C14H,,CL,NO, 296.15 4.15 4.51 4.36
Cl (0]
HO
0 —
1l 0
Sulfamethoxazole  C;,H;;N305S 253.28 1.6/5.7 0.89 4.13

¢ Predicted data cited from http://chemspider.com, which are generated using the US Environmental Protection Agency's EPI Suite (KOWWIN
v1.67). ” The molecular size of pharmaceuticals were obtained from Material Studio 6.0.

transmission electron microscope (TEM, FEI Talos, F200S). X-
ray diffraction (XRD) patterns were measured on a Bruker D8
Advance X-ray diffractometer (Bruker, Germany), where the 2
theta range of 0.5-40° and a scanning rate of 2° min~". Fourier
transform infrared (FT-IR) spectroscopy was achieved by
a spectrometer with a wave-number range 500-4000 cm . A
solid "*C NMR experiment was recorded on an AVANCE III HD
400 Bruker Bio Spin Corp. A thermogravimetric instrument
(TGA) was evaluated on a NETZSCH STA449F3 under N,
conditions. The N, adsorption-desorption apparatus were
conducted at 77 K with an ASAP 2020 instrument. All samples
were degassed at 100 °C for 12 h before the actual measure-
ments. The specific surface area and pore-size-distribution were
obtained from the adsorption data using Langmuir and Bru-
nauer-Emmett-Teller (BET) analysis and DFT methods,
respectively. The point of zero charges (pH,,.) was measured at
varying pH values using the zeta potentials-pH curves with a 90
Plus particle size analyzer (Brookhaven, USA).

18310 | RSC Adv, 2021, 11, 18308-18320

3. Results and discussion

3.1. Synthesis and characterization

As depicted in Scheme 1, TAPB was used as the knot, and Dva,
PDA, BPDA as the linkers for the preparation of the COF-1 and
COF-2. The condensation reactions were performed under sol-
vothermal reactions by using n-butanol and mesitylene as
solvents and 3 M acetic acid as catalyst at 120 °C for three days.
COF-1 was a yellow powder with a 94% isolation yield. Simul-
taneously, COF-2 was prepared through a similar method except
for changing PAD to BPAD, to finally obtain a yellow-brown
powder with a 90% isolation yield.

The surface morphologies of the COF-1 and COF-2 were
elucidated via scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) measurements. As shown
in Fig. 1(a-d), the prepared COFs presented a non-uniform
spherical morphology, in which the main spherical diameter
of COF-1 was 1.6 nm and that of COF-2 was 2.5 nm. Compared

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The synthesis process of COF-1 and COF-2.

to COF-1, COF-2 exhibited a larger spherical size. This might be
related to differences in the variety of reaction precursors and
the quantity of acetic acid in the reaction system, which was
consistent with previously reported results.*® Furthermore,
energy dispersion spectroscopy (EDS) mapping (Fig. 1(e-0))
confirmed the uniform distribution of C, N, and O element
atoms in the entire COF samples.

The crystalline structures of COF-1 and COF-2 were revealed
using Power X-ray diffraction (PXRD) measurements. As shown
in Fig. 2(a), COF-2 displayed an intense peak at 2.7° that cor-
responded to the reflection from (100) facet, this confirmed the
formation of crystalline structures. Meanwhile, the presence of
broad peaks at 18.5° in COF-2 was attributed to the (001) facet,
which indicated the periodicity and m-m stacking of the COF-2
layers.** Compared to COF-2, COF-1 also showed peaks at 2.9°
and 18.8°, which were attributed to (100) and (001) facets,
respectively. The relative weaken peaks in COF-2 indicated that
COF-2 had lower crystallinity than COF-1.>* The chemical
stabilities of COF-1 and COF-2 were further investigated by
PXRD after 24 h of treatment in a variety of solvents including
water, HCI, NaOH, and MeOH. It was observed that the COFs
were very stable in different solvents, as indicated by the almost
unchanged PXRD patterns (Fig. S1(a and c)7). Additionally, the
intensity of the PXRD pattern after adsorption decreased
slightly, but the position of the characteristic peak did not
change significantly, indicating that the structure of the COF
material did not change (Fig. S1(b and d)f). These results
confirmed that COFs displayed good chemical stability.

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

To verify the chemical structures and compositions of the
COF-1 and COF-2, Fourier transform infrared (FT-IR) spectros-
copy and solid-state >C NMR spectroscopy were performed. The
FT-IR spectra (Fig. 2(b)) revealed that the complete disappear-
ance of the characteristic N-H stretching vibration band
(3340 cm™') and typical C=O stretching vibration band
(1690 cm™') of the precursors, and the emerging peaks at
1600 cm ' and 1605 cm ™" could be discovered in the FT-IR
spectra of COF-1 and COF-2, respectively, which were attrib-
uted to the characteristic C=N stretching vibrations, indicating
the successful polymerization between the monomers.**** The
carbon resonance observed by solid-state ">*C NMR (Fig. 2(c))
exhibited two typical signals for the -C=N- bonds at 157 ppm
for the COF-1 and COF-2, respectively. The signal of the vinyl
groups was observed at 115 ppm, whereas the signals from
127 ppm to 146 ppm were assigned to the carbons of the
benzene ring building blocks, which further confirmed the
formation of the COFs.*® In addition, the thermal property of
the COFs was also evaluated by TGA analysis. Two obvious
weight-losses were observed in TGA curves. The first step
occurred at 30 °C —100 °C was attributed to the water weight-
losses. The second weight losses occurred at 400-580 °C
mainly indicated the decomposition and combustion of the
frameworks. It can be concluded that the thermal stability of
COF-1 and COF-2 up to 400 °C (Fig. 2(d)).>”**

Nitrogen adsorption-desorption experiments were also
conducted to estimate the porous properties of the COF-1 and
COF-2. As presented in Fig. 2(e), the COF-1 and COF-2

RSC Adv, 2021, 11, 18308-18320 | 18311
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(@ and b) SEM images of COF-1and COF-2; (c and d) TEM images of the COF-1and COF-2; (e—i) mapping image of COF-1 containing C, N

and O elements; (j—o) mapping image of COF-2 containing C, N and O elements.

adsorption curves exhibited nitrogen uptakes with a significant
increase at low pressures (P/P, = 0-0.01), which indicated that
the prepared COFs were porous materials. When using the
Brunauer-Emmett-Teller (BET) model in the P/P, range
between 0.05 and 0.25 (Fig. S2 and S37), the BET areas of 190 m*
g~' for COF-1 and 51 m> g~ ' for COF-2 could be obtained.
According to a single point measurement (P/P, = 0.99), the total
pore volumes of COF-1 and COF-2 were determined to be 0.12
em?® g7 ' and 0.05 cm® g7, respectively. Furthermore, the pore
size distribution of COF-1 and COF-2 were also evaluated by
using the density functional theory (DFT). As illustrated in
Fig. 3(d), inset, COF-1 and COF-2 showed a narrow pore size

18312 | RSC Adv, 2021, 11, 18308-18320

distribution, with the main peaks at 1.59 nm and 2.51 nm,
respectively. Moreover, the reasons for the narrow pore size
distribution and the relatively low BET surface areas of COF-1
and COF-2 might likely be ascribed to the difficulty in the
removal of residual solvents and guest molecules, which occu-
pied the pore channels of the corresponding frameworks.*>*

3.2. Different types of pharmaceuticals adsorption study

The structural properties of COF-1 and COF-2 have been
confirmed by various characterization techniques, which indi-
cated the prepared materials were excellent adsorbents in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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theory. To verify this speculation, seven pollutants were utilized
to investigate the adsorption performance of COFs absorbents,
encompassing bisphenols pharmaceuticals (BPB, BPF, BPAF, BPS,
BPA), nonsteroidal anti-inflammatory pharmaceuticals (DCF), and
sulfa pharmaceuticals (SMT). The structures and physicochemical
properties of seven pollutants were listed in Table 1. As depicted in
Fig. 3, COFs showed relatively high performance in the adsorption
of bisphenols pharmaceuticals with the removal capacity above
100 mg g~ . The removal capacity of COF-1 and COF-2 to remove
DCF was 59.82 mg g ' and 99.98 mg g, respectively. The
absorbent's ability to eradicate sulfa pharmaceuticals was worst
and could be ignored. Additionally, the performance of COF-2 was
generally better than COF-1. The difference in adsorption might be
related to the structure of pollutants. Bisphenol pharmaceuticals
contained two polar functional groups (-OH*2), while DCF and
SMT contained only one functional group, namely -COOH and

RSC Adv, 2021, 11, 18308-18320 | 18313
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-NH,, respectively. To explore a comprehensive view of the struc-
ture-activity relationship between structures of adsorbates and
adsorption ability of COFs, we selected BPS and BPA as represen-
tative pollutants to conduct following adsorption experiments.

3.3. Adsorption performance

3.3.1. Adsorption kinetics. The adsorption kinetics were
investigated to better understand the mechanisms of COFs for the
adsorption of BPS and BPA. The effects of the contact time on the
BPS and BPA by COF-1 and COF-2 were investigated and are shown
in Fig. 4(a and b). COF-1 and COF-2 showed rapid adsorption rate
for BPS and BPA in the first 0.5 h, and then the adsorption rate
gradually decreased until reaching the adsorption equilibrium at
1 h. The fast adsorption for COF-1 and COF-2 could be attributed
to the large pore size, specific adsorption sites and the abundant
C=N functional groups, which could interact with pollutant
molecular to form hydrogen-bonds and 7 interactions.”
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To analyze the adsorption mechanism, the kinetics data
were fitted by the pseudo-first-order model and pseudo-second-
order kinetic model, and the kinetic parameters were listed in
Table S1.7 According to the fitted results, the values of the
calculated adsorption amounts (e, ca1) Were closer to experi-
mental values (e, exp) and the correlation coefficient R* values
(>0.99) were much higher through the fitted pseudo-second-
order, indicating that the adsorption process could be better
fitted by the pseudo-second-order kinetics model. Furthermore,
for the given adsorbent, higher k, values were achieved through
the adsorption of BPS rather than BPA, which indicated a faster
adsorption rate of BPS by COFs. The obvious difference in the
adsorption rate may have been related to the sizes of the
adsorbate molecules. As seen in Table 1, the molecular
dimensions of the BPS (4.23 A) and BPA (4.36 A) were much
smaller than the pore sizes of the prepared COF-1 (16 A) and
COF-2 (25 A), which meant that they could easily pass through

20 40 50

0 10 30
C, (mg'L™)

Fig. 4 (a and b) Adsorption kinetics of BPS and BPA onto COF-1and COF-2 (Co =30 mg L™, T=303K t=3h m/V=02gL™Y; (cand d)

adsorption isotherm of BPS and BPA onto COF-1 and COF-2 at 303 K;

(e and f) adsorption isotherms of BPS and BPA onto COF-2 at different

temperatures (Co = 10-80 mg L%, T=303-323K, t =24 h, m/V=0.2 g LY.
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the pores of the COFs.*> Furthermore, the BPS had a smaller
molecular size than BPA, which made the diffusion of BPS into
the pores of the COFs easier, resulting in a faster adsorption
rate. For the given adsorbate, COF-2 exhibited more rapid
adsorption kinetics than COF-1, meaning that the larger pore
size of COF-2 was more conducive to the diffusion of the
pollutants molecular into the pores. Based on the above anal-
ysis, the importance of large COFs pore sizes for effective
pollutant adsorption was demonstrated.

3.3.2. Adsorption isotherms and thermodynamics. The
adsorption isotherm can reflect the interaction between the
adsorbent and the adsorbate, while further explain the adsorption
mechanism.” Fig. 4(c and d) showed the adsorption isotherms of
COF-1 and COF-2 toward BPS and BPA at 303 K. It revealed that the
adsorption capacities of both COF-1 and COF-2 increased with the
increase of equilibrium concentration of BPS and BPA, then
gradually attained adsorption saturation. It might have been due
to the enhancement of the molecular driving force with the
increased initial concentration, which accelerated the diffusion of
BPS and BPA molecules into the channels of the COFs.

To elucidate the adsorption process, two isotherm models
(Langmuir model and Freundlich model) were used to fit the
resultant isotherms data, and the related parameters were listed
in Table S2.1 Compared with the Freundlich model, the Lang-
muir model was much better in describing the adsorption
isotherms with a much higher correlation coefficient (R*), which
indicated that the adsorption process proceeded through mono-
layer adsorption.* The maximum adsorption capacities of COF-2
for BPS and BPA reached to 195 mg ¢~ and 145 mg g™, respec-
tively, which were much higher than COF-1 (157 mg g~ for BPS
and 125 mg g * for BPA). This result was consistent with the
characterization analysis, which was ascribed to COF-2 with
a larger pore size than COF-1. Moreover, BPS exhibited higher
adsorption capacities than BPA, which may have been attributed to
the disparate molecular structures and properties of these two
chemicals. Notably, according to the Langmuir adsorption model,
the adsorption capacities of COF-2 for BPS and BPA were
200.00 mg g~ ' and 149.25 mg g™, respectively, which were higher
than many other adsorbents reported previously (Table S37).

Furthermore, the adsorption performance of COF-2 for BPS
and BPA were also studied at different temperatures (303 K, 313
K, and 323 K) to evaluate the thermodynamic properties. Fig. 4(e
and f) showed the thermodynamic isotherm, and the corre-
sponding thermodynamics parameters were listed in Table S4.1
The AG value continued to increase with rising temperature but
remained negative, indicating that the adsorption process was
spontaneous. However, higher temperatures weakened the
spontaneity of the adsorption reaction, and it was averse to the
adsorption of pollutants. Additionally, the negative values of AH
demonstrated that the adsorption process was exothermic in
nature, which was also confirmed by the decrease in the
adsorption capacities of BPS and BPA with rising temperatures.
The negative standard entropy change AS revealed that the
randomness increased at the solid/liquid interface.*

3.3.3. Effect of solution pH and ionic strength. In consid-
eration of practical applications, it was necessary to investigate
the effects of the removal of organic pollutants under extreme

© 2021 The Author(s). Published by the Royal Society of Chemistry
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conditions, such as harsh pH values and high ionic strength.
Fig. 5(a and b) showed the impacts of solution pH on the
adsorption of BPS and BPA by COFs under an initial pH range of
from 4.0 to 11.0. It can be seen that BPS and BPA demonstrated
similar pH-dependent adsorption. Under acidic conditions (pH
4-7), COF-1 and COF-2 maintained a high adsorption perfor-
mance for BPS and BPA, and the pH had no significant influ-
ence to the bisphenol containment capacity. Under alkaline
conditions (pH 8-10), the adsorption capacities of COF-1 and
COF-2 for BPS and BPA slightly decreased with higher OH™
concentrations, where the downward trend of BPS was more
obvious than that of BPA. In particular, when the pH value was
increased to 11, the adsorption capacity dropped lower, which
suggested that strong alkaline conditions were not conducive
for the adsorption of bisphenols.

The above phenomena have been explained by the electro-
static interactions between the adsorbate species and the
charge states of the adsorbents under different pH values.*
Fig. 5(c) showed that the zero-point potential (pH,,.) was 4.3 for
COF-1 and 7.2 for COF-2. At the tested pH conditions (8-11), the
adsorbents were negatively charged, and their negative charges
increased with rising pH. Meanwhile, BPS and BPA might also
be deprotonated under higher pH values. Under these condi-
tions, it was difficult for negatively charges BPS/BPA to be
adsorbed on the surfaces of negatively charged COFs. Electro-
static repulsion likely accounted for the decreasing adsorption
capacity at high pH values.*” However, electrostatic interactions
cannot completely explain the BPS/BPA adsorption onto COFs
under the acidic conditions, as BPS/BPA was in their molecular
form, thus, the electrostatic attraction would not occur between
the COFs and bisphenols. Consequently, there must have been
extra interactions occurring between the COFs and bisphenols
pollutants, that enabled the COFs to maintain high adsorption
capacities under a broad pH range.

It was well acknowledged that ambient water bodies contain
not only various organic pollutants, but also contain high
concentrations of salts, which might influence the removal of
contaminants. Thus, a study was also performed on the effects
of the ion strength on the adsorption of BPS and BPA by COFs.
Fig. 5(d and e) showed the adsorption of BPS and BPA on COF-1
and COF-2 under different concentration of NaCl. As NaCl
concentration increased, the adsorption affinities have not
changed significantly. Several studies showed that increase
ionic strength can affect the adsorption of organic pollutants to
some extent due to the salting-out effect or electrostatic
screening effect.*®*® Other researchers found that salt addition
have a squeezing-out effect on the adsorbent, which was unfa-
vorable for the adsorption of pollutants.” Thence, the effect of
ionic strength on adsorption depended on the relative contri-
bution of these two effects. In the present study, the ionic
strength has negligible effect on the adsorption of BPS and BPA
by COFs, indicating the two opposite effects were equivalent or
too weak. Additionally, the adsorption of BPS/BPA on COFs was
driven by hydrogen-bonding and mt- interactions (see detailed
discussion below). These factors could not be significantly
modified by changing the ionic strength in a small range.
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3.4. Adsorption mechanism

Generally, the adsorption capacity of adsorbents increased with
the enlargement of the specific surface area when there was no
distinct adsorption site.** However, compared with the specific
surface area of COF-1 (190 m® g '), COF-2 with a smaller
specific surface area (51 m”> g~ ') was more effective for the
removal of BPS and BPA. This indicated that surface area was
not the main factor that affected the adsorption, and there was
a specific interactive mechanism between the adsorbent and
adsorbates. According to the previous report, the adsorption
performance of organic pollutants on porous materials was not
only affected by intrinsic characteristics (e.g., charge, size and
electronic states), but also by the weak intermolecular interac-
tions (e.g., hydrogen-bonding and m-7 interactions), hydro-
phobic interactions, electrostatic interactions.**** Therefore,
the influence of the above factors on the adsorption of BPS/BPA
by COFs would be discussed in the following.

18316 | RSC Adv, 2021, 11, 18308-18320

Firstly, the degree of matching between the pore size of COFs
and the molecular dimensions of adsorbates primarily enabled
adsorption. Based on the adsorption kinetics and isotherm
analysis, both the BPS and BPA molecules were more easily
diffused into COF-2 with a larger pore size (25 A) than COF-1
with a relatively smaller pore size (16 A). Conversely, there was
a relatively low adsorption capacity of BPS and BPA on COF-1.
Furthermore, BPS exhibited higher adsorption capacities than
BPA, which may have been related to the different molecular
structures and properties of these two chemicals. The -SO,-
group presented in BPS may play a critical role in promoting the
adsorption of BPS on COFs. On the one hand, BPS contained
a strong electron-withdrawing sulfonyl group, which could
enhance the - interaction between BPS and benzene ring on
COFs.” On the other hand, compared to BPA, the electron-
withdrawing sulfonyl group could also enhance the acidic of
BPS, which further promoted the Lewis acid-base interaction

© 2021 The Author(s). Published by the Royal Society of Chemistry
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between BPS and COFs. Because the existence of lone pair
electrons on the nitrogen-containing functional group(-C=N-),
COFs could act as Lewis base for binding acidic bisphenol
molecules through Lewis acid-base interaction. These results
indicated that 7w-m interaction and Lewis acid-base interaction
played significant roles in the adsorption process.*

Secondly, given that the hydrophobic benzene ring skeleton
of the COFs and hydrophobic properties of BPS and BPA
pollutants, according to the “like dissolves like” principle, the
hydrophobic molecules tended to enter into the COFs.>® Thus,
the adsorption capacity of COFs materials for bisphenols likely
enhanced with the increase of hydrophobicity. However, in this
study, the COFs demonstrated an improved adsorption capacity
for BPS, although the hydrophobicity of BPS (log Ko = 1.65)
was lower than that of BPA (log K., = 3.32).”” This signified that
the hydrophobic interaction was not the dominant mechanism
for the adsorption of BPS/BPA on COFs, and there were likely
several other mechanisms that prominently governed the
adsorption process. In addition, based on the analysis of the pH
effects, the electrostatic attraction would not occur between the
COFs and bisphenols within the pH 4-7 range, indicating that
electrostatic interaction could not justify the adsorption
process. However, electrostatic repulsion may likely have
a significant inhibitory role in other interactions, such as
hydrogen bonding and m- interactions, resulting in a reduced
adsorption capacity in the pH values range of 8-11.%®

Thirdly, hydrogen bonds were likely to be a predominant
factor that controlled the adsorption of BPS/BPA onto COFs due
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to both molecules possessing abundant hydrogen donors and
acceptors.® To verify this mechanism, high-resolution N 1s
were recorded. As shown in Fig. 6(a and b), the N 1s peak of
COFs shifted to low energy after being loaded BPA and BPS.
Subsequent to BPA loading of COF-1 and COF-2, the C=N
shifted from 399.5 eV and 399.4 eV to 398.9 eV and 399.3 eV,
respectively. Following the BPS loading of COF-1 and COF-2, the
C=N also shifted from 399.5 eV and 399.4 eV to 399 eV and
398.9 eV, respectively. These results indicated that hydrogen
bonds were likely generated between -OH and C=N groups.
Furthermore, - interactions were also believed to be the
mainly mechanism for the increased adsorption of aromatic
chemicals onto the COFs.®® On the one hand, the surfaces of the
COFs contained abundant conjugated 7 domains as 7 accep-
tors.®® Conversely, as an electron-donating group, -OH made
the benzene rings of BPS/BPA electron-rich.®® Thus, we expected
that BPS/BPA could be adsorbed on COFs via -7 interactions
between the benzene rings of the COFs and BPA. To demon-
strate this adsorption mechanism, changes in the XPS spectra
prior to and following the adsorption of BPA onto COF-1 and
COF-2 were recorded. As shown in Fig. 6(c and d), once BPA was
loaded to COF-1, the C 1s deconvolutions of C=C, C-C, and
C=N shifted from 284.5 eV, 286 eV and 288.9 eV to 284.4 eV,
285.4 eV, and 288.7 eV, respectively. Similar results could be
also observed for BPA loaded COF-2, where the C=C, C-C and
C=N shifted from 284.4 eV, 285.9 eV, and 288.9 eV to 284.3 eV,
285.3 eV and 288.8 eV. The high m electron density of BPA
loaded on COF leaded to lower photon resonance energy values
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(a and b) High deconvolutions of N 1s spectra of before and after adsorption of BPS and BPA onto COF-1 and COF-2; (c and d) high

deconvolutions of Cls spectra of before and after adsorption of BPS and BPA onto COF-1 and COF-2.
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to excite aromatic carbons.® For BPS, after loaded on COF-1, the
C 1s deconvolutions of C=C, C-C, and C=N shifted from
284.5 eV, 286 eV and 288.8 eV to 284.1 eV, 285.9 eV, and
288.4 eV, respectively. And after loaded on COF-2, the C 1s
deconvolutions of C=C, C-C, and C=N also shifted from
284.4 eV, 285.9 eV, and 288.9 eV to 284 eV, 285.8 eV and
288.5 eV. Additionally, the S 2p high-resolution spectrum
(Fig. S471) indicated the successful adsorption of BPS on COFs.

Moreover, the FT-IR spectra of COF-1 and COF-2 prior to and
following adsorption were also recorded to further interpret this
mechanism. As shown in Fig. 7(a), compared with the COFs before
adsorption, a wide band of -OH extending at 3430 cm™ ' was
observed on the spectra of COF-1 and COF-2 after adsorbing BPS/
BPA. This indicated that -OH likely played a key role in the
adsorption process. Several reports confirmed that -OH played an
important role in the form of hydrogen bonds between materials
and pollutants, which was conducive for the adsorption of organic
pollutants.®**> Moreover, the absorption band corresponding to
the aromatic -C=N- stretching vibration in the COFs spectrum
was strengthened following the adsorption of BPS/BPA. An obvious
enhancement was observed for the peaks at 1510 cm ' and
827 cm™ ', which was ascribed to the stretching vibration of C-H
and the bending vibration of the aromatic rings, which finally
verified the adsorption of BPS and BPA on the COFs.* In partic-
ular, COF-2 exhibited a stronger peak at 1510 cm™ " and 827 cm ™"
following adsorption in contrast to COF-1, which indicated that
COF-2 had more potent 7t- interactions.

Additionally, the different types of pharmaceuticals study
further confirmed the adsorption mechanism (Fig. 3). COF-2
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had a stronger adsorption performance for the three selected
types of pollutants than did COF-1, suggesting that COF-2 with
a larger pore size was more favorable for the diffusion and
adsorption of pollutants. The adsorption capacities of the as-
prepared COFs for these contaminants were ranked as
follows: bisphenols pharmaceuticals > anti-inflammatory
pharmaceuticals > sulfa pharmaceuticals.

Compared with bisphenols, the adsorption capacity of the
COFs was obviously decreased for anti-inflammatory pharma-
ceuticals and sulfa pharmaceuticals with fewer hydroxyl groups.
This indicated interactive hydrogen bonding between the
hydroxyl groups of the bisphenols and -C=N- groups of the
COFs, as well as the importance of the molecular dimensions of
pollutants in adsorption. Conversely, the relatively high
adsorption capacities for bisphenols were arranged as follows:
BPB > BPS > BPAF > BPA > BPF. This may have been related to
the molecular dimensions of the bisphenols. Table 1 showed
that except BPB, with the larger molecular sizes of bisphenols,
their diffusion into the COF channels was reduced, which
resulted in a decreased-adsorption capacity. In addition, the
COFs showed a higher adsorption capacity for BPB than the
other bisphenols, although its molecular size was not the
smallest. This may have been attributed to hydrophobic influ-
ences, hydrogen bonding, and m-m interactions.

3.5. Regeneration experience

Aside from excellent adsorption performance, the regeneration
and reusability of adsorbents are essential for practical appli-
cations. COF-2 was selected as a reference for the reusability. To
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(a) FT-IR spectra of before and after adsorption of BPS and BPA onto COF-1 and COF-2; (b and c) regeneration test of COF-1 and COF-2

for the adsorption of BPS and BPA (adsorption: Co =30 mg L%, T=303K, t=3h, m/V = 0.2 g L%, desorption with methanol, t =1 h, V = 40 ml).
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improve the regeneration of COF-2, five different solvents
including methanol, ethanol, acetonitrile, NaOH, and H,O were
selected as desorption solvents. As shown in Fig. S5, although
all organic solvent exhibited high desorption efficiency, among
these solvents, methanol provided the best desorption effi-
ciency toward BPS and BPA. Thus, methanol was selected for the
following study. Then, four cycles of the adsorption-desorption
cycling experiments were performed using methanol as elution
solvent. As shown in Fig. 7(b and c), there was no significant
decrease of the adsorption capacity for COFs adsorbing BPS/
BPA after four cycles, demonstrating that the as-prepared
COFs materials had excellent recyclability and stability.

3.6. Practicability

To evaluate the ability of the prepared COFs to remove BPS and
BPA in actual water matrix, BPS and BPA were added into four
different types of actual water samples, including tap water,
pearl water, seawater, and secondary effluent. As shown in
Fig. S6(a and b),} the adsorption capacity of COF-1 and COF-2
for BPS and BPA in the four actual water samples was lower
than that of pure water. Given that the actual water samples
contain more complex contents (for example, suspended
particles, microorganisms, various ions and cations, etc.) than
purified deionized water, which has a competitive effect on
adsorption.*® Therefore, the low difference showed that the
complex components in actual water have limited influence in
the adsorption of BPS and BPA on the prepared COFs and did
not damage its excellent adsorption performance. These results
demonstrated that the prepared COFs was a promising effective
adsorbent for removing BPS and BPA pollutants in the actual
wastewater.

4. Conclusions

Two imine-based covalent organic frameworks with different
pore sizes (16 A for COF-1 and 25 A for COF-2) were successfully
synthesized for the removal of BPS and BPA from aqueous
solutions. COF-2 with a larger pore size demonstrated a better
adsorption capacity and faster adsorption rate for BPS and BPA
than did COF-1 with smaller pore size. The maximum adsorp-
tion capacities of COF-2 for BPS and BPA were 200.00 mg g~
and 149.25 mg g~ . The kinetics and isotherm could be better
fitted by the pseudo-second-order kinetic model and the Lang-
muir isotherm model, respectively. The adsorption processes
exhibited spontaneous exothermal properties. Furthermore,
increasing ionic strength had no significant influence on the
adsorption process, whereas strong alkaline pH conditions and
higher temperatures were unfavorable to adsorption. The
excellent adsorption capacity of COFs for BPS and BPA might be
attributed to hydrogen bonding and - interactions. Further
investigations into the adsorption of different types of phar-
maceuticals indicated that pore size of the COFs had an
important effect on adsorption. Pharmaceutical molecules of
smaller sizes could more easily diffuse into COFs with larger
pore sizes, whereas fewer hydroxyl groups and large pharma-
ceuticals molecule sizes were prevented from entering into

© 2021 The Author(s). Published by the Royal Society of Chemistry
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COFs, which resulted in a low sorption capacity. Moreover, the
COFs exhibited excellent recyclability following four sorption-
desorption cycles. This work will provide practical references for
the preparation of suitable renewable adsorbents for the
removal of bisphenol pollutants from ambient waterways and
aqueous ecosystems.
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