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ABSTRACT: We report a thiol-ene click strategy for the preparation of a novel phenylboronic
acid-functionalized covalent organic framework (COF) for selective removal of catechol in
aqueous solution. Vinyl-functionalized 2,5-diallyloxyterephthalaldehyde (Da-V) was prepared as
a building ligand. Da-V was then condensed with 1,3,5-tris(4-aminophenyl)benzene (Tab) to
give a vinyl-functionalized COF DhaTab-V. Subsequently, 4-mercaptophenylboronic acid
(4-MPBA) was covalently linked on DhaTab-V via thiol-ene click reaction to give
phenylboronic acid-functionalized COF DhaTab-PBA. The adsorption isotherms, energetics and
kinetics, and reusability of DhaTab-PBA for the adsorption and removal of catechol from
aqueous solution were investigated in detail. This phenylboronic acid-functionalized COF is
promising as sorbent for selective removal of catechol from aqueous medium with large

adsorption capacity and good reusability.

KEYWORDS: thiol-ene click strategy, covalent organic framework, phenylboronic acid,

catechol removal, aqueous medium
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1. INTRODUCTION

The wide use of catechol as chemical intermediates in industry causes potential environmental
risks due to its high toxicity, carcinogenicity, high oxygen demand and low biodegradability.'
Therefore, the removal of catechol from the polluted aqueous environment is of great importance
for environmental remediation.*” Up to date, quite a few techniques, such as adsorption,®’
electrochemical treatment® and chemical decomposition,” have been developed for removing
catechol from aqueous environment. Adsorption is a frequently used manner in virtue of its
features of high efficiency and easy operation.” Many sorbents such as activated carbon, '’ resin,’
and montmorillonite,11 have been used to remove catechol. However, there are still several

12,13

limitations with these sorbents such as poor selectivity and low reusability. Hence, the

development of efficient and reusable sorbent is of great significance for the removal of catechol.

14-17

Covalent organic framework (COF), a rising type of crystalline porous polymers, has many
desirable features, such as low mass density, regular pore structure, high surface area, facilely

tailored functionality, and the like."® For these reasons, COF has received great attention in

19-23 24-26 27-29 30-32

diverse fields, such as separation, catalysis, gas storage and optoelectronics.

Despite COF has been applied for the adsorption of chemical pollutants, previous COF-based
adsorption processes are mainly on the basis of hydrophobic interaction and n-n stacking, and
usually lack specificity.***

Introducing appropriate recognition moieties to COF is essential for improving adsorption
specificity.”>® Boronic acid moiety enables covalent binding of cis-diols molecules to form

39-41

five/six-membered cyclic esters. Therefore, the introduction of boronic acid moiety to COF

to develop functionalized sorbent is of great significance to enhance the ability for specific
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recognition of cis-diols molecules.*” Thiol-ene click strategy has been verified to be a feasible
way to synthesize functionalized COF for diverse applications due to its high efficiency and

37,41

selectivity. For examples, thiol grafted imine-based and amino-modified COF have been

synthesized via the thiol-ene click strategy for selective adsorption of heavy metal ions and
carboxylic acid pesticides.”’*!

Herein, we report a thiol-ene click approach for the fabrication of a novel phenylboronic
acid-functionalized COF for selective removal of catechol from aqueous solution.
Vinyl-containing ligand 2,5-diallyloxyterephthalaldehyde (Da-V) and
1,3,5-tris(4-aminophenyl)benzene (Tab) are used as building ligands to prepare a
vinyl-containing COF DhaTab-V. Subsequent thiol-ene click reaction of the prepared DhaTab-V
with 4-mercaptophenylboronic acid (4-MPBA) gives phenylboronic acid-functionalized COF

DhaTab-PBA with high adsorption capacity, and good adsorption selectivity and reusability for

the removal of catechol from aqueous medium.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. All of above-mentioned reagents and materials were at least
analytical grade. 1,3,5-Tris(4-aminophenyl)benzene (Tab), 2,5-dihydroxyterephthalaldehyde (Da)
were supplied by Bide Pharmatech Ltd. (Shanghai, China). Acetonitrile, ethanol,
N,N'-dimethylformamide (DMF), tetrahydrofuran (THF), methanol and acetone were provided
by Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Allyl bromide, o-dichlorobenzene
(o-DCB), n-butyl alcohol (n-BuOH) and 4-mercaptophenylboronic acid (4-MPBA) were given
by Macklin Biochemical Co. Ltd. (Shanghai, China). Catechol, resorcinol, hydroquinone, phenol
and azodiisobutyronitrile (AIBN) were provided by Aladdin Chemistry Co. Ltd. (Shanghai,

China).
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2.2. Instrumentation. Powder X-ray diffraction (PXRD) patterns, thermogravimetric
curves, Fourier transform infrared (FT-IR) spectra, nitrogen adsorption-desorption isotherms and
Zeta potential data were acquired using the apparatuses described in ref. 43. 'H nuclear magnetic
resonance (NMR) analysis was done on a NMR spectrometer at 400 MHz ADVANCE III HD
(Bruker, Switzerland). X-ray photoelectron spectra (XPS) were recorded on an Axis supra
spectrometer with monochromatized Alg, radiation (hv = 1486.6 eV, 225 W) as X-ray source
(Kratos, MA, UK). Transmission electron microscopy (TEM) and scanning electron microscope
(SEM) images were obtained using the apparatuses described in ref. 27. UV-vis absorption

analysis was done on a UV-3600PLUS220/230VC spectrophotometer (Shimadzu, Japan).

Chromatographic measurements were carried out on Waters alliance 2695 HPLC with 2998
PDA detector (Waters, USA) using methanol/0.2% acetic acid (5:5, v/v) as the mobile phase at a

flow rate of 0.9 mL min™'. Chromatographic signals were monitored at 277 nm.

2.3. Synthesis of ligand Da-V. Da (0.26 g, 1.56 mmol) and potassium carbonate (1.80 g,
13.02 mmol) were dispersed in 15 mL DMF. Then, allyl bromide (0.74 mL, 8.56 mmol) was
dropwise added into the mixture with stirring. The mixture was heated to 70 °C, stirred for 12 h,
and cooled down to room temperature. To the mixture, an appropriate volume of water was
added to dissolve potassium carbonate. The resulting product was extracted with ethyl acetate (3
x 10 mL). The collected organic extract was dried with anhydrous magnesium sulfate to remove
residual water and condensed on a rotary evaporator. The obtained crude product was purified
via recrystallization with a small volume of acetonitrile. The final product Da-V was
yellow-green (0.33 g, 86.2%). '"H NMR (400 MHz, CDCl;, 298 K, TMS, ppm): & 0.5 (s, 1H,
CHO), 7.45 (s, 2H, ArH), 6.11-6.02 (m, 2H, CH), 5.45 (ddd, J = 17.2, 2.9, 1.5 Hz, 2H, CH,),

5.34 (ddd, J=10.5, 2.6, 1.3 Hz, 2H, CH>), 4.67 (dt, J= 5.2, 1.5 Hz, 4H, OCH.).
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2.4. Synthesis of DhaTab-V. Tab (56.20 mg, 0.16 mmol) and Da-V (59.04 mg, 0.24 mmol)
were dispersed into a binary solvent of 0-DCB (3 mL) and #n-BuOH (3 mL) in a Schlenk tube (35
mL, o.d. = 26, length = 125 mm) under 5-min ultrasonication. Then, acetic acid (6 M, 0.60 mL)
was added to the mixture. The mixture was sonicated for 3 min, frozen under liquid nitrogen bath,
and degassed with pump. After the tube was sealed with a screw cap, the mixture was heated at
120 °C for 3 days. The resulting precipitate was collected via centrifugation and washed with
DMF and THF for three times. The product was purified with fresh THF and dried at 50 °C for

24 h under vacuum to afford DhaTab-V (90.30 mg, 84.7%).

2.5. Synthesis of DhaTab-PBA. DhaTab-V (20 mg), 4-MPBA (40 mg, 0.26 mmol) and
AIBN (2 mg, 0.012 mmol) were dispersed into 10 mL THF in a flask (50 mL). The mixture was
sonicated, degassed and heated at 65 °C under N, for 24 h. The resulting precipitate was
collected via centrifugation, washed with DMF and THF, purified with fresh acetone, and dried

at 50 °C under vacuum for 24 h to afford DhaTab-PBA (17.10 mg, 85.5%).

2.6. Adsorption experiments. All of catechol standard solutions used in adsorption
experiments except in pH effect study were prepared in phosphate buffer solution (PBS, 10
mmol L, pH 8) for optimal adsorption of catechol. To study adsorption kinetics, 0.5 mg
DhaTab-PBA and 2 mL standard catechol solution at certain initial concentration were added in a
centrifugal tube (5 mL). After mechanical shaking (120 rpm) for a certain time in the range of
0-300 min at room temperature, the mixture was centrifuged to collect the supernatant for UV-vis

spectrophotometric determination of residual catechol in solution.

To evaluate adsorption isotherm and thermodynamics, 0.5 mg DhaTab-PBA and 2 mL
catechol standard solution at certain initial concentration were added in a centrifugal tube (5 mL)

at a fixed temperature in the range of 298-328K for 60 min. Then, the mixture was centrifuged to
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collect the supernatant for UV-vis spectrophotometric determination of residual catechol in

solution.

To test the effect of pH, the pH of the aqueous standard catechol solution was adjusted to
3-10 with 1 mol L' HCI and NaOH solution. To examine the effect of ionic strength, the

concentration of NaCl in the catechol standard solution was changed.

3. RESULTS AND DISCUSSION

3.1. Synthesis and characterization of DhaTab-PBA. Figure 1 illustrates the design and
synthesis of DhaTab-PBA. In view of the large pore width (3.7 nm) of COF DhaTab prepared
from Da and Tab,2 ! we chose DhaTab as the framework for further functionalization. We started
with the synthesis of the vinyl functionalized ligand Da-V from Da and allyl bromide via
nucleophilic substitution reaction. The vinyl-functionalized COF (DhaTab-V) was then prepared
via the condensation of Da-V and Tab with a solvothermal method. Finally, 4-MPBA was
introduced to fabricate the phenylboronic acid-functionalized COF (DhaTab-PBA) via thiol-ene

click reaction.
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Figure 1. Illustration for the preparation of DhaTab-V via the condensation of Tab and Da-V and
DhaTab-PBA via thiol-ene click reaction.

The incorporation of functional moiety on the pore surface via post-synthetic strategy
inevitably affects the properties of COF, such as crystallinity, porosity and surface area. ™
Therefore, in the post-synthetic approach, a crucial balance between porosity and
functionalization should be established to realize optimal experimental effects. Herein, we
investigated different feed amounts of 4-MPBA on the adsorption of catechol on the
phenylboronic acid-functionalized COF. The results show that DhaTab-PBA prepared from 0.26
mmol 4-MPBA and 20 mg DhaTab-V gives optimal adsorption capacity for catechol (Table S1).

PXRD experiment and Pawley refinement were carried out to reveal the crystal structures of
DhaTab-V and DhaTab-PBA. The two peaks at 2.8° and 5.6° for DhaTab-V and its structure are
in good agreement with an eclipsed AA model with the unit cell parameters of a = 36.2658 A, b

=38.1059 A, c=3.8930 A, a = B =90° and y = 120° (Figure 2a and Table S2). There is no great
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difference between the experimental PXRD pattern and the refined eclipsed AA model PXRD
pattern with factors of R, = 6.76%, Ry, (w/0 bck) = 14.68% and R, = 5.01% (Figure S1). The
incorporation of phenylboronic acid to COF resulted in a minor loss of crystallinity compared

with DhaTab-V (Figure 2a).
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Figure 2. (a) PXRD patterns: experimental pattern of DhaTab-PBA (red line), experimental pattern of
DhaTab-V (black line), simulated pattern of DhaTab-V for AA eclipsed model (blue line) and simulated
pattern of DhaTab-V for AB eclipsed model (magenta line). (b) FT-IR spectra of DhaTab-V and DhaTab-PBA.
(c) Nitrogen adsorption—desorption isotherms of DhaTab-V and DhaTab-PBA. (d) Pore size distribution of
DhaTab-V and DhaTab-PBA.

The typical -OH stretching band (3280 cm™) of Da disappeared but the C=O stretching peak
(1670 cm™) remained in the FT-IR spectra of Da-V (Figure S2a). The C=C stretching band of
Da-V was not observed due to an overlap between C=C stretching (1695-1630 cm™) and C=0
stretching (1755-1665 cm™) bands. However, new bands for C-O stretching (1210 cm™) and C-H

stretching (1380 cm™ and 1423 cm™ from vinyl) appeared in the FT-IR spectra of Da-V (Figure

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

S2a). Meanwhile, the proton of C=C was verified by '"H NMR analysis (Figure S3). The above
results show the successful vinyl modification of Da.

The FT-IR spectra of DhaTab-V show the appearance of new band for C=N stretching
(1605 cm™), the lack of N-H stretching band (3350-3450 cm™) of Tab, and the significant
attenuation of the C=0 stretching band (1670 cm™) of Da-V (Figure S2b), indicating the
covalent framework formation of DhaTab-V. The weak C-S stretching band (1092 cm™) in the
FT-IR spectra of DhaTab-PBA was due to the modification of 4-MPBA (Figure 2b).

The sulfur signal at 163.4 eV in the XPS spectra of DhaTab-PBA can be attributed to
organosulfur compounds (Figure 3a).”*® The appearance of sulfur element in DhaTab-PBA
composition also results from the modification of 4-MPBA (Table S3). With the theoretical
calculation, XPS and elemental analysis (Figures 3 and S4), the percentages of 4-MPBA
modified on COF were determined to be 18.8% to 21.9% of theoretical amount.

The introduction of phenylboronic acid moiety on COF resulted in no obvious change in the
morphology of DhaTab-V (Figure S5), but significant decrease in the Brunauer-Emmett-Teller
(BET) surface areas from 1032.5 m* g”' (DhaTab-V) to 621.5 m” ¢! (DhaTab-PBA) (Figure 2c).
Meanwhile, phenylboronic acid modification also made the total pore volume decrease from 0.88
cm’ g (DhaTab-V) to 0.62 cm’ g (DhaTab-PBA) (Figure 2d).

The fabricated DhaTab-V and DhaTab-PBA are comparatively stable up to 300 °C (Figure
S6). Meanwhile, DhaTab-PBA is also stable in water/PBS (10 mM, pH 8) (Figure S7).
Compared with DhaTab-V, DhaTab-PBA carries more negative charge due to the incorporation

of boronic acid moiety (Figure S8).
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Figure 3. (a) S 2p XPS spectra of DhaTab-V and DhaTab-PBA. (b) S 2p XPS spectra of DhaTab-PBA. Solid
curves: the experimental spectra, and dotted curves: the fitting data.

3.2. Adsorption kinetics for catechol. To evaluate the kinetics for the adsorption of
catechol on DhaTab-PBA, the time-dependent adsorption capacity (Q;) was obtained at an initial
catechol solution of 0.025, 0.050 and 0.075 mg mL™ at room temperature (Figure 4a). The
adsorption equilibrium for catechol on DhaTab-PBA was reached within 40 min, indicating the
fast catechol adsorption. Further analysis of the time-dependent adsorption capacity reveals that
the adsorption was better fitted to the pseudo-second-order kinetics than the first-order kinetics

(Figure 4b and Figure S9; Table S4).
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Figure 4. (a) Time-dependent adsorption for catechol on DhaTab-PBA at room temperature. (b) Plots of the
pseudo-second-order kinetics for the catechol adsorption. (=) 0.025, () 0.050, and (a) 0.075 mg mL".

3.3. Effects of pH and ionic strength on the adsorption of catechol. An appropriate pH is
crucial to the recognition interaction between phenylboronic acid and cis-diols, depending on the
dissociation constant (pKa) of phenylboronic acid molecule and cis-diol molecule.*’ Therefore,
the effect of pH on the catechol adsorption was tested in a pH range of 3-10. The adsorption
capacity for catechol on DhaTab-PBA obviously increased with pH in the range of 3-7, and
remained almost constant from pH 7 to pH 10 (Figure S10a). The increasing dissociated
4-MPBA (pKa = 6.2, 298 K) over pH 6 is favorable for the formation of stable
five/six-membered cyclic esters. Meanwhile, the un-dissociated catechol (pKa = 9.5, 298 K) at
pH < 10 is favorable for the recognition of phenylboronic acid moiety. The variation of NaCl
concentration in a range of 0-0.3 mol L™ gave no significant effect on the adsorption capacity for
catechol on DhaTab-PBA (Figure S11). Therefore, further study was performed at pH 8 in the

absence of salt.
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3.4. Adsorption isotherms for catechol. Adsorption experiments were carried out in an
initial concentration range of 0.02-0.10 mg mL™" catechol solution at different temperature for 60
min to evaluate the adsorption isotherms for catechol on DhaTab-PBA (Figure 5a). The
adsorption capacity for catechol increased in the range of 0.02-0.05 mg mL™ and then levelled
off with further increase of the initial catechol concentration. The adsorption isotherms could be

well described with the Langmuir equation (Figure 5b):

C.__1 , G 0
Qe meax Qmax

where C, (mg mL™), O (mg g') and Onax (mg g) are the concentration of catechol in solution
at equilibrium, the experimental adsorption capacity at equilibrium and the theoretical maximal
adsorption capacity, respectively, b (mL mg™) represents the Langmuir constant.

The Langmuir constant (b) and the maximum adsorption capacity (Omax) Were determined
by plotting C/Q. against C, (Figure S14). The QOnax for catechol on DhaTab-PBA was 160.0 mg
g, obviously higher than that of DhaTab-V (89.3 mg g') at room temperature (Figure S12;
Table S5). The result shows that the introduction of phenylboronic acid moiety into the COF

significantly enhanced the adsorption of catechol.
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Figure 5. (a) Adsorption isotherms for catechol adsorption on DhaTab-PBA in the range of 298-328 K. (b)
The corresponding Langmuir plots in the range of 298-328 K.

To further study the adsorption behaviour of DhaTab-PBA, the adsorption isotherms were
investigated in the temperature range of 298-328 K (Figure 5; Table S6). Free energy change
(AG, kJ mol™), entropy change (AS, J mol™! K™, enthalpy change (AH, kJ mol™), and the

thermodynamic equilibrium constant (K) were calculated on the basis of eqs 2-4:

0
K= == 2
", 2)
AG =-RTInK, 3)
e _AS A ,
MR R RT )

where R is the universal gas constant (8.314 J mol™ K. In K, was obtained from the intercept
by plotting In (Q./C.) versus Q., while AH and AS were obtained from the plot of In K, versus

I/T (Figure S13).
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Table S7 shows the determined AG, AH and AS for the adsorption of catechol on
DhaTab-PBA. The results suggest that the adsorption of catechol on DhaTab-PBA is
thermodynamically spontaneous (negative AG) with exothermic (negative AH) and
random-decreased (negative AS) process. Therefore, the efficient catechol adsorption on

DhaTab-PBA was controlled by the negative enthalpy change.

3.5. Adsorption selectivity. Other types of compounds (resorcinol, hydroquinone, phenol,
toluene, chlorobenzene and aniline) with similar chemical structures to cis-diols catechol were
chosen as competitors to evaluate the selectivity of DhaTab-PBA (Figures S14 and S15).
DhaTab-PBA was much more selective for the adsorption of catechol (Q. = 152.6 mg g™') than
other competitors (Q. = 73.7-84.5 mg g') (Figure S15). However, DhaTab-V showed similar
adsorption capacity for catechol and competitors in the range of 79.0-84.4 mg g (Figure S15).
The results indicate that the recognition of phenylboronic acid moiety in addition to m-m

interaction resulted in the higher adsorption capacity for catechol on DhaTab-PBA.

3.6. Desorption of catechol from DhaTab-PBA. In view of green chemistry and practical
application, an appropriate desorption condition is vital to the regeneration of the sorbent. Hence,
the effect of the type of eluent, pH and elution time on the desorption of catechol from
DhaTab-PBA were tested in views of the recognition of phenylboronic acid and n-n interaction.
The results show that the adsorbed catechol was effectively desorbed from DhaTab-PBA with

PBS (pH 3, I mL, 10 mmol L") in combination with ethanol (1 mL) for 3 min (Figure S16).

3.7. Reusability. The adsorption capacity for catechol on the regenerated DhaTab-PBA was
examined to reveal the reusability of DhaTab-PBA. No obvious loss in the adsorption capacity

for catechol was observed within five cycles of adsorption-desorption (Q. = 145.4 mg g + 2.4,
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n=5) (Figure S17), indicating good reusability of DhaTab-PBA for catechol removal from
aqueous solution. Five adsorption-desorption cycles led to a slight decrease in the crystallinity
and surface area of DhaTab-PBA, but no obvious change in the pore volume and the zeta

potential display, indicating the good stability of DhaTab-PBA (Figure S18).

3.8. Comparison with other sorbents. In comparison with DhaTab-V, DhaTab-PBA
shows a significant improvement in adsorption capacity and selectivity for catechol (Figure 6a,
Figure S12 and S19, Table S5), indicating the necessity and effectiveness for the introduction of
phenylboronic acid to COF. Though the introduction of phenylboronic acid moiety on COF
caused the reduction of surface areas and total pore volume, DhaTab-PBA still had higher
adsorption capacity for catechol than DhaTab-V due to the high affinity of DhaTab-PBA to
catechol from the selective recognition of the phenylboronic acid for catechol. In comparison
with the other previous sorbents for catechol, DhaTab-PBA gave 1.1-4.6 times larger adsorption
capacity (Table S8). Moreover, DhaTab-PBA showed faster adsorption kinetics than previous

adsorbents except hydroxyl-containing gemini surfactants modified montmorillonite (Table S8).

3.9. Adsorption capacity for catechol in environmental water. To evaluate the feasibility
of DhaTab-PBA in practical application, we used it as the sorbent to remove catechol from tap
water, lake and river water samples. The experimental maximum adsorption capacity (Q 'max) for
catechol on DhaTab-PBA in real water samples ranged from 133.3 mg g to 151.5 mg g,
comparable with Opax (160.0 mg ) in the standard catechol solution (Table S9). The results
reveal that DhaTab-PBA is a feasible and potential sorbent for catechol removal from

environmental water.

4. CONCLUSIONS
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In summary, we have reported a thiol-ene click strategy for the preparation of
phenylboronic acid-functionalized COF (DhaTab-PBA) for catechol removal from aqueous
solution. The recognition of phenylboronic acid, n-m interaction and porous COF structure make
DhaTab-PBA promising for the removal of catechol from environmental water with large
adsorption capacity, and good adsorption selectivity and reusability.
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