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The excessive use of diclofenac sodium (DCF) has led to environmental and food safety problems. Effective
removal of DCF in aqueous environment is of great significance. Ionic covalent organic frameworks (iCOFs) are
effective adsorbents for the removal of pollutants due to their unique structure and properties, but conventional
synthesis of iCOFs is limited by high temperature and long reaction time. Herein, we report a room-temperature
strategy to synthesize iCOFs in 24 h for the first time. The room-temperature synthesized ionic COF (RT-iCOF)
shows better crystallinity, lager uptake capacity and faster kinetics than those synthesized at high temperature
with long reaction time. The adsorption kinetics, isotherms and thermodynamics, the effects of ionic strength,
pH, humic acid, and reusability of RT-iCOF for DCF were studied in detail. The prepared RT-iCOF gave the
maximum adsorption capacity of 857.5 mg g, featuring the highest uptake capacity for DCF so far. The
adsorption of DCF on the RT-iCOF are driven by ion exchange, n-n interactions, electrostatic and hydrogen bonds
interaction. The adsorption efficiency of RT-iCOF for DCF was still above 90% after 5 regeneration cycles. This

work also promotes the facile synthesis and application of iCOFs for the removal of pollutants.

1. Introduction

Diclofenac sodium (DCF), a widely prescribed nonsteroidal anti-
inflammatory drug (NSAID), is frequently used for alleviating pain
and anti-inflammatory [1]. However, the excessive use of DCF has led to
widespread environmental contamination in many countries [2], and
the most often detected NSAID in the environment [3]. The release of
DCF led to harmful effects on resident species. At first, it was found that
the death of vulture species resulted from the consumption of the DCF-
treated carcasses of cattle [4]. Other studies also showed that DCF is
harmful to aquatic organisms [5-7]. Moreover, DCF could bring about
gastrointestinal damage, nephrotoxicity, hepatotoxicity, neurotoxicity,
cardiotoxicity, genotoxicity in mammals even at a low concentration
[8]. The polar, non-volatile and non-biodegradable properties of DCF
make it difficult to remove and degrade [9,10]. Thus, it is urgent to
explore an efficient method for removing DCF from aqueous
environment.

Up to now, a number of approaches such as adsorption, biodegra-
dation, membrane separation, advanced oxidation have been developed

for DCF removal [11,12]. Among these strategies, adsorption has the
advantages of simple operation, adequate availability, low cost and no
byproducts [2,13]. Various adsorbents have been studied for DCF
removal, such as zeolite [14,15], layered double hydroxides (LDHs)
[16-18], resin [19] and activated carbon [20,21]. However, most of
these materials exhibited slow adsorption kinetics and low capacity due
to their uneven pores, and unstable structure [22]. Porous frameworks
like metal-organic frameworks (MOFs) [23,24] and covalent organic
frameworks (COFs) have been used in efficient removal of DCF [25-27].

Ionic covalent organic frameworks (iCOFs), which consist of ionic
skeleton and corresponding counterions, are the subclass of COFs [28].
iCOFs have been applied in diverse fields such as conducting [29],
catalysis [30], sensing [31] and adsorption [32-34]. The advantage of
iCOFs in adsorption is that no post modification is required and the ionic
sites on the skeleton provide homogeneous adsorption sites. Unlike
neutral COFs, the existence of interlayer charge repulsion often leads to
self-exfoliation or low-crystalline iCOFs [35,36], while higher crystal-
line iCOFs have been shown to give large adsorption capacity and fast
adsorption kinetics [37]. Several methods were developed for rapid
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synthesis of high crystallinity neutral COFs at room temperature
[38-41]. Although a few methods were reported to improve the crys-
tallinity of iCOFs [37,42], high temperature (120 °C) along with a long
reaction time (3 days) were still needed, which is unfavorable for the
practical applications of iCOFs. Up to now, only one study on the
removal of NSAID by iCOFs has been reported, in which, guanidine-
based iCOFs were synthesized at 120 °C for 3 days. Although the
guanidine-based iCOFs gave the adsorption capacity of 724.6 mg g~ for
DCF, the kinetics was slow (equilibrium time of 3 h) due to lower
crystallinity [43]. Therefore, it is of great significance to explore iCOFs
with easy synthesis, high crystallinity, high adsorption capacity, rapid
kinetics and good recyclability.

Herein, we report room-temperature and fast synthesis of iCOF for
the rapid removal of DCF for the first time. The adsorption performance
of room-temperature synthesized iCOF (RT-iCOF) for DCF was evaluated
in terms of adsorption kinetics thermodynamics and isotherms. The
developed RT-iCOF showed a large adsorption capacity (857.5 mg g 1)
and rapid kinetics (equilibrium time of 30 min). The effects of inorganic
ions, humic acid and pH on DCF removal were evaluated in details. The
mechanism of DCF adsorption on RT-iCOF was explored by Fourier-
transform infrared (FT-IR) spectra, X-ray photoelectron spectroscopy
(XPS) and theoretical calculations. These results reveal enormous
practical application potential of the RT-iCOF for the removal of DCF
from water.

2. Materials and methods
2.1. Chemicals

All reagents used are at least of analytical grade. 1,3,5-triformyl-
phloroglucinol (Tp) and 1,1’-bis(4-aminophenyl)-[4,4'-bipyridine]-
1,1’-diium chloride (Vio-NHjy) were provided by Jilin Chinese Academy
of Sciences-Yanshen Technology Co., ltd. (Jilin, China). Tetrahydro-
furan (THF), methanol (MeOH), ethanol, acetonitrile (ACN), sodium
hydroxide (NaOH), hydrochloric acid (HCI), formic acid, acetic acid
(HAc) and all salts were purchased from Sinopharm Chemical Reagent
Co. Itd. (Shanghai, China). Diclofenac sodium (DCF, 99%), Naproxen
(NPX), Ketoprofen (KT), Acetylsalicylic acid (ASA), Ibuprofen (IBU), p-
phenylenediamine (Pa-1), humic acid (HA), 1,2-dichlorobenzene (o-
DCB), 1-butanol (n-BuOH), 1,4-dioxane and mesitylene were obtained
from Aladdin Chemistry Co. Itd. (Shanghai, China). Ultrapure water was
given by Wahaha Group Co. ltd. (Hangzhou, China). HPLC-grade ACN
and MeOH were gotten from Fisher Chemical (Shanghai, China).

2.2. Synthesis of RT-iCOF

Tp (12.6 mg, 0.06 mmol) and Vio-NH; (37.2 mg, 0.09 mmol) were
dispersed into an o-dichlorobenzene (0-DCB)/n-BuOH (1.4/0.6 mL) in a
Schlenk tube (35 mL, o.d. = 26, length = 125 mm) via sonication. After
addition of HAc ( 0.2 mL, 17.5 M), the mixture was further sonicated for
5 min and degassed under liquid N3 (77 K) by three freeze-pump-thaw
cycles. The tube was sealed and allowed to stand at room temperature
for 24 h. The product was washed with THF and MeOH for several times.
The powder collected was dried under vacuum at 60 °C overnight to
yield brownish powder.

2.3. Instrumentation and characterization

Powder X-ray diffraction (PXRD) patterns were collected using a D2
PHASER diffractometer (Bruker AXS GmbH, Germany) equipped with a
Cu K, radiation with a scanning speed of 8° min~! and a step size of
0.05° in 26. 13C S NMR spectra were recorded on an ADVANCE III 400
MHz NMR (Bruker, Switzerland). Scanning electron microscopy (SEM)
images were recorded on an a SU8100 SEM (Hitachi, Japan). The pore
size and specific surface area were determined on Autosorb-iQ (Quan-
tachrome, USA) using liquid nitrogen at 77 K. X-ray photoelectron
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spectroscopy (XPS) experiments were performed on Axis supra (Kratos,
UK) and the binding energies were calibrated using the Cls peak at
284.8 eV. Fourier transform infrared (FT-IR) spectra were determined
on Nicolet IR IS10 spectrometer (Nicolet, USA), and samples were pre-
pared as KBr pellets.

2.4. Adsorption and regeneration experiments

For the adsorption isotherm study, 2 mg of RT-iCOF was added into
4 mL of DCF solution with different concentrations (200-1000 mg L’l,
initial pH 6.5). The suspensions were sonicated briefly and put in a
controlled-temperature water bath with a rotating speed 150 of rpm.
The adsorption was performed at 25, 35, 45 and 55 °C till equilibrium.
Afterwards, the mixture was filtered on a syringe filter (0.22 pm), and
the concentration of DCF in the filtrate was measured by HPLC.

For the kinetic experiment, RT-iCOF (10 mg) was added into 20 mL
of DCF-containing solutions (200 and 400 mg L’l). The mixture was
sonicated briefly and put in a water bath (25 °C) with a rotating speed of
150 rpm. At a certain time (5, 10, 20, 30, 40, 50, 60, 90, 120, 180, 240,
300 min), 0.2 mL of the solutions were collected, filtered on syringe
filter (0.22 um), and analyezd by HPLC for DCF. The adsorption capacity
(q, mg g~ 1) was calculated using Eq. (1):
g= Co— G v (€8]

m

where Cy (mg L’l), C; (mg L’l), m (mg), and V (mL) correspond to
the initial and final concentrations of DCF in solution, adsorbent mass,
and solution volume, respectively.

To study the anti-disturbance ability of RT-iCOF, 1-20 mg L' humic
acid, 0.01-100 mM anions (Cl~, NO®~, SO?{ and CO%’) and cations
(Na*, K™, Mg?" and Ca?*") were separately mixed with 500 mg L™! DCF
solutions. RT-iCOF (2 mg) was added in the 4 mL of mixed solutions with
a rotating speed of 150 rpm at 25 °C until adsorption equilibrium.
Furthermore, the effect of pH (6-11) was also tested.

The reusability of RT-iCOF was investigated as follows: 2 mg of RT-
iCOF was added into 4 mL of DCF solution (100 mg L*I) in a water bath
(25 °C) with a rotating speed of 150 rpm to reach adsorption equilib-
rium. The pre-adsorbed material RT-iCOF-DCF was collected by centri-
fugation. The adsorbed DCF was then desorbed from RT-iCOF-DCF with
1 mL of MeOH for 5 min, while the solid adsorbent was collected by
centrifugation. Desorption efficiency was determined by quantifying the
concentration of DCF in desorption solution. The RT-iCOF was then
regenerated by simply treating with 0.1 M HCI and applied for next
adsorption—desorption cycle.

The concentration of DCF was measured using Waters alliance 2695
HPLC equipped with Waters XBridege® C18 column (5 pm, 4.6 mm x
250 mm) and 2998 PDA detector (Waters, U.S.A.) using ACN/0.1%
aqueous formic acid solution (8:2, v/v) as the mobile phase at a flow rate
of 1 mL min~?. The column temperature was 25 °C. Chromatographic
signals were monitored at 276 nm. All experiments were repeated
independently-three times.

2.5. Adsorption location

In Materials Studio 2017, the low energy adsorption configuration of
the DCF onto the accessible surface of the RT-iCOF was simulated using
the Adsorption Locator modules with the COMPASSII forcefield [44].
The 6-layers slab contains 1 x 1 x 6 unit cells of AA-Eclipsed, 1 x 1 x 3
unit cells of AB-Staggered and 1 x 1 x 2 unit cells of ABC-Staggered
were used for the adsorption simulation of DCF, respectively. The
charges of the system were assigned using the COMPASSII forcefield.
The maximum adsorption distance of 10 A was selected. Metropolis
Monte Carlo method was used to calculate the DCF adsorption on the
RT-iCOF with with 10° Monte Carlo steps and 10 annealing cycles. The
quality of the calculations for the optimization and adsorption processes
was ultra-fine.
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2.6. Application to real samples

To evaluate the practical removal applicability of RT-iCOF, blank
samples (pure water, domestic water and lake) were used to prepare 10
mg L™ DCF solutions. Removal experiments were conducted with the
solid/liquid ratio of 0.2 g L™* at 25 °C for 1 h.

3. Results and discussion
3.1. Synthesis and characterization of RT-iCOF

Tp and Vio-NH; were selected to synthesize stable iCOFs via an
irreversible enol-to-keto tautomerization (Fig. la). To obtain high-
crystallinity iCOFs, the effects of potential factors such as solvent,
temperature, concentration of catalyst and reaction time were investi-
gated in detail (Fig. S1-S5). The solubility of monomer varies with the
composition and proportion of solvent, which in turn affects the reaction
rate and thus the formation of high crystallinity iCOFs [45]. The com-
bination of 0-DCB/n-BuOH (7:3, v/v) was found to give a best crystal-
linity of iCOFs. High temperature is detrimental to the crystallinity of
RT-iCOF, thus synthesis was conducted at room temperature. The best
crystallinity of RT-iCOF was obtained in a reaction time of 24 h. As a
result, the brownish powder RT-iCOF with the yield of ca. 48% was
synthesized from Tp and Vio-NHj in the mixture of 0-DCB/n-BuOH (1.4/
0.6, v/v) with acetic acid (0.2 mL) at room temperature for 24 h.

To analyze the structure of RT-iCOF, PXRD and structural simulation
experiments were conducted. The strong peak at 3.90° (110) identifies
an ordered structure. Three other prominent peaks were observed at
7.80° (220), 12.38° (401) and 27.61° (41 3), in which the sharp peak at
27.61° suggest strong n-n stacking between the vertically stacked two-
dimensional (2D) layers [35,36]. To elucidate the structure of RT-
iCOF, several possible stacking 2D models (AA-eclipsed, AB-staggered
and ABC-staggered) were built and optimized using Materials Studio
(Fig. S6 — S7 and Fig. 1b —d). Obviously, the experimental PXRD pattern
of RT-iCOF matches well with that simulated from the ABC staggered
model (Fig. 2a). The Pawley refinement of ABC-staggered unit cell led to
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a space group of R-3 with a = b = 45.7649 + 0.1037 A, ¢ = 10.5000 +
0.0238 A, o =p =90° and y = 120°, and the Rp and Ryp values of 1.56
and 2.26%, respectively (Fig. 2b and Table S1).

In the FT-IR spectrum of RT-iCOF, the disappearance of CH = O
(2896 cm ™) of Tp and N — H (3100-3300 cm™!) of Vio-NH, indicates
the total consumption of initial organic monomers (Fig. 2¢). The ketone
form was confirmed by the appearance of the peak at 1584 cm ™' of C=C
and 1274 cm™! of C— N. Fig. 2d shows the 13C S NMR, the peak at 183
ppm arising from carbon of ketone further confirmed the formation of
ketone form of RT-iCOF [46].

Fig. S8 shows the Ny adsorption isotherms of RT-iCOF at 77 K. The
Brunauer-Emmett-Teller (BET) surface area and total pore volume of the
RT-iCOF were found to be 69 m? g~! and 0.15 cm® g™}, respectively
(Fig. S9). The ABC staggered stacking of RT-iCOF resulted in relatively
low specific surface area, for which another reason is the existence of C1~
in the pore channels of RT-iCOF [22,35]. The pore-size distribution of
RT-iCOF analyzed based on nonlocal density functional theory (NLDFT)
is shown in Fig. S10. One prominent pore size distribution peak at 1.69
nm was also observed.

RT-iCOF was also characterized by SEM (Fig. S11). The chemical
stability of RT-iCOF was tested in different reagents (Fig. S12). The good
structural stability of RT-iCOF provides the foundation for the applica-
tion in DCF removal in different environments.

3.2. Adsorption studies on RT-iCOF

The adsorption kinetics was investigated at two different concen-
trations (200 mg L ™! and 400 mg L™!) at 25 °C. The adsorption was rapid
at first 5 min (99% and 88% of removal efficiencies with the initial DCF
concentrations of 200 and 400 mg L™}, respectively), and then reached
equilibrium in 30 min, which is one of the shortest equilibrium times for
DCF adsorption among the reported adsorbents. Two kinetic models,
pseudo-first-order (PFO) and pseudo-second-order (PSO) model, were
further utilized to fit DCF adsorption kinetics. The kinetic studies
revealed that the adsorption process was well-fitted by the PFO and PSO
model (R® > 0.99, Table 1). However, the experimental equilibrium

S0 o,
%@ﬁ@)—@&@w ¢
H ¢l I@

A
o HN

Q N Keto form NH

2o N O
a RT-iCOF-TpVio-NH, O%
IN-

Fig. 1. (a) Synthetic scheme of RT-iCOF through the condensation of Tp and Vio-NH,; (b) Unit cells of the ABC-staggered model of RT-iCOF; (c) side view of the ABC-
staggered model of RT-iCOF; (d) Space-filling model of RT-iCOF in ABC-staggered model (gray, white, red, blue and green represent C, H, O, N, and Cl, respectively).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



H.-Z. Li et al.

Separation and Purification Technology 306 (2023) 122704

a b —— Refined
vvvvvvvvvvvv Experimental
Experimental Difference
‘ X l‘ n ABC Staggered
i AA Eclipsed
l. A L AB Staggered P
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
2 Theta (degree) 2 Theta (degree)
C d
Tp ¢ . c-142
3 e
= 1641 (C=0) —= b-148
©
[$)
C Vio-NH,
S (
= o
g 3299 (3’].3:)3115
(=
© RT-COF
l_
1612 (C=0)—="a_ 1554 (=)
4000 3200 2400 1600 800 250 200 150 100 50 O

Wavenumber (cm™)

Chemical shift (ppm)

Fig. 2. (a) Experimental and simulated (AA, AB and ABC stacking model) PXRD patterns of RT-iCOF; (b) Pawley refinement of RT-iCOF (Rwp = 2.26%, Rp = 1.56%);

(c) FT-IR spectra of Tp, Vio-NH, and RT-iCOF; (d) 13¢ s NMR spectra of RT-iCOF.

Table 1
Adsorption kinetic parameters for DCF adsorption.

Models Parameters Initial concentrations
200 mg L™* 400 mg L™*
PSO k; (min™") 2.0746 0.6357
g (mg g™ ") 398.27 733.60
R? 0.9999 0.9982
PFO ks (g mg~! min~ 1) 0.0716 0.0050
g (mgg™) 398.86 740.54
R? 0.9995 0.9996
MO ki’ (min~1) 0.1017 0.0237
ko (g mg~' min~") 0.0635 0.0050
R? 0.9999 0.9975

adsorption capacities gexp (398.7 and 743.3 mg g~ 1) were close to those
calculated by PSO model, and the PSO model gave the excellent linear fit
to the experimental data (Fig. 3b). The practical adsorption process may
be explained by both PFO and PSO models due to the complexity of
adsorption kinetics process. Therefore, the mixed-order (MO) model was
further used to identify the contribution to the adsorption with different
kinetics models [27,47]. As shown in Table 1, the values of k;’ and ko’
obtained at different initial concentrations, confirm that the adsorption
kinetics of DCF include PFO and PSO. Specifically, the contribution of
PFO and PSO in the adsorption process is presented in Fig. 3c, d. At the
initial stage of adsorption, the PSO rate was much higher than that of
PFO rate, later the PFO rate is slightly higher until the adsorption
equilibrium at the rate of zero. Moreover, the PSO rate was much higher
than the PFO rate, and the values of ky’ were close to kj, indicating that
PSO played a leading role in the adsorption kinetics. Thus, the adsorp-
tion process of RT-iCOF for DCF was dominated by chemical adsorption
[48].

The adsorption isotherms were analyzed with the initial DCF con-
centrations of 200-1000 mg L' at 25-55 °C. Fig. 3e shows the fitting

curves of the Langmuir and Freundlich model, and the adsorption pa-
rameters are displayed in Table 2. The Langmuir model fitted adsorption
data better than Freundlich model (0.9717 < R? < 0.9947 for Langmuir
and 0.7068 < R? < 0.8591 for Freundlich). Fig. 2f shows the linear
fitting of Langmuir model. Moreover, g, values calculated from Lang-
muir model are similar to those of experimental gy, indicating DCF
adsorption onto RT-iCOF is monolayer with a limited adsorption sites
[49]. The experimental and theoretical maximum sorption capacity of
diclofenac with RT-iCOF were 875.0 and 857.5 mg g~ ', respectively
(Table 2), which is the highest sorption capacity among the reported
adsorbents for DCF removal (Table S2). Similar adsorption capacity
(862.0 mg g’l) was also obtained with a larger amount of RT-iCOF (50
mg in 100 mL DCF solution). The separation factor or equilibrium
parameter (Rp), which can be used to determines if the adsorption is
favourable (0 < Ry < 1) or unfavourable (R; > 1) [50], was also
calculated (Eq. S7). The values of R; were in the range of
0.0016-0.0286, indicating a favorable adsorption of DCF by RT-iCOF.
Although the Freundlich shows a poor fit, the intensity factor 1/n can
give the information about the ease of adsorption. The values of 1/n in
the range of 0.094-0.114 indicate the highly favorable adsorption [51].
The distribution coefficient value (Ky) is a measure of sorbent’s affinity
for targets, and a sorbent with a Kq value above 1.0 x 10° mL g~ ! is
usually considered excellent [52]. The calculated Kq valure of RT-iCOF’s
affinity for DCF is 2.96 x 10° mL g’1 (Eq. S8), which is 10 times and 20
times higher than that of iCOF-TPA-TG¢; (2.8 x 10* mL g’l) [43] and
LDH-PmPD (1.3 x 10* mL g_l) [18], respectively.

The adsorption thermodynamics studies were conducted at different
temperatures (Fig. 3e). The obtained parameters Gibbs energy (AG®),
enthalpy (AH°) and entropy (AS°) can be used to understand adsorption
feasibility and mechanism. The calculated thermodynamic parameters
are presented in Fig. S13 and Table S3. The negative values of AG® at
different temperatures confirm that the adsorption of DCF by RT-iCOF is
a spontaneous process [50]. The negative value of AH® endorses the
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Fig. 3. (a) Adsorption kinetics of RT-iCOF for DCF
(10 mg of RT-iCOF in 20 mL of 200 and 400 mg L~}

DCF solutions); (b) PSO kinetics adsorption linear
fitting plots of DCF with different initial concentra-
tions; (¢) and (d) Contribution of the PFO rate and the
PSO rate in adsorption process; (e) Adsorption iso-
therms of RT-iCOF for DCF from 25 °C to 55 °C, solid
line for Langmuir model and dashed line for Freund-
lich model (2 mg of RT-iCOF in 4 mL of 200-1000 mg
L' DCF solutions); (f) Fitting plots of adsorption
isotherms of DCF on RT-iCOF Langmuir model.
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Table 2

Parameters of adsorption isotherm models for DCF adsorption.

Models Parameters Temperatures (K)
298.15 308.15 318.15 328.15
Langmuir Qexp (Mg 875.0 + 784.7 + 7139 + 693.7 +
gD 19.4 22.5 14.9 6.7
gn(mgg™) 8575+ 774.7 + 711.7 + 674.7 +
7.9 13.6 8.3 11.6
K, (Lmg™') 063 0.46 0.34 0.17
Ry x 10? 0.16 — 0.22 - 0.29 — 0.58 —
0.79 1.08 1.45 2.86
R? 0.9947 0.9762 0.9872 0.9717
Freundlich Kr(Lmg™!) 4887 + 413.9 + 405.0 + 338.1 +
10.2 57.3 73.1 54.4
n 10.2 + 92422 106+ 88 +22
3.4 3.8
1/n 0.098 0.109 0.094 0.114
R? 0.7381 0.8591 0.7068 0.8278

exothermic nature of sorption process [53], which is consistent with the
experimental phenomenon that the adsorption capacity decreases with
the increase of temperature. The negative value of AS° confirms the
decrease of the freedom degree of the adsorption process [54].

100 200 300 400 500 600 700
C.(mgL™

3.3. Effect of inorganic ions, humic acid and pH on DCF adsorption

The exsistance of various inorganic ions and molecules in real water
samples may effect, the adsorption of DCF on RT-iCOF may be affected.
Therefore, the effects of the species and concentration of inorganic ions,
the concentration of humic acid and pH were studied in detail. The
presence of cations had slight negative effect on adsorption capacity
(except for Mg2+) (Fig. 4a). This phenomenon can be attributed to the
cation-mediated shielding effect, while cations also enhanced electro-
static effect, especially divalent cation Mg?" [55,56]. In general, the
presence of cations has no significant negative effect on the removal of
DCF. The presence of anions can decrease the adsorption capacity of RT-
iCOF, and this phenomenon is more pronounced for divalent anions than
monovalent anions (Fig. 4b), the stronger competitive adsorption by
bivalent anions than monovalent anions. The increase of adsorption
capacity at a few concentrations may be due to the salting-out effect
[57]. In additon, the effect of anion on adsoprtion decreased in order of
CO%™ > S03™ > CI™ > NOg3, which is consistent with their standard
Gibbs energies of hydration AGy° — 1315, — 1090, — 347 and — 306 kJ
mol respectively [58]. This phenomenon follows the non-Hofmeister
bias because of the hydrophobic skeleton of RT-iCOF [59]. Furthermore,
the anion with lager radius are softer bases with greater affinity towards
soft acid viologen sites of RT-iCOF, so the softer SO%‘ (r=0.218 nm) and
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CO%’ (r = 0.189 nm) offers favorably binding to RT-iCOF than Cl™ (r =
0.181 nm).

The effect of HA was studied in the concentration of 1-20 mg L1,
With the increase of humic acid concentration, the adsorption capacity
of DCF on RT-iCOF decreased from 790 to 648 mg g~ ! (Fig. 4c). The zeta
potential of HA is negative at pH > 1.5, originating from the deproto-
nation carboxylic and phenolic groups [60]. Therefore, the adsorption
sites on RT-iCOF were partially occupied by negatively charged HA,
leading to the decrease of adsorption capacity.

The effect of pH on DCF adsorption and zeta potential of RT-iCOF is
shown in Fig. 4d. The solubility of DCF (pK, 4.2) was low at pH < pK,
[43], so the adsorption behavior of RT-iCOF for DCF was studied at pH
6-11. pH 6 gave the g of 981 mg g~ * due to the precipitation from the
reduced solubility of DCF. The value of g. decreased slowly with an
increase in pH and decreased sharply at pH 11, in good agreement with
the pH dependence of zeta potential of RT-iCOF (Fig. 4d). The zeta
potential of RT-iCOF is all positive (Fig. 4d), while DCF dissociates into
anion forms in the pH range studied. The viologen cation sites were
deprotonated with pH increasing, resulting in weakening the interaction
between RT-iCOF and DCF. However, a certain degree of adsorption
occurred even under strong alkali environment likely due to the n-n
interaction and hydrogen bonding, The detailed proof will be developed
in the following sections.

3.4. Cycle adsorption performance

Optimization of desorption solvent (ethanol, acetonitrile, methanol
and 0.1 M NaOH), desorption volume (0.5-3 mL) and desorption time
(2-30 min) led to a desorption efficiency of 91% with 1 mL of methanol
for 5 min desorption (Fig. S14). The desorbed RT-iCOF was transformed
into a cationic form by 0.1 M HCI for 1 h [32]. After five cycles of
adsorption—desorption, RT-iCOF still gave over 90% removal efficiency
for DCF (Fig. S15), and the PXRD pattern of regenerated RT-iCOF indi-
cated the decrease of crystallinity (Fig. S16).

3.5. Adsorption mechanism

To further explore the reasons for the high adsorption capacity and
fast kinetics of RT-iCOF, TpPa-1 [46], which has similar structure and
pore size of RT-iCOF but contains no viologen cation, was prepared for
comparison (Fig. $17). TpPa-1 merely gave low capacity of 20 mg g~}
for DCF (Fig. S18) owing to the high polarity of DCF, demonstrating the
dominant role of the viologen cation of RT-iCOF in adsorption.
Furthermore, the iCOF was also synthesized at 120 °C for 6 days [36],
and lower crystallinity SCU-COF-1 was obtained (Fig. S19). Compared
with RT-iCOF, the adsorption capacity of SCU-COF-1 was reduced by
20%, and the equilibrium time greatly increased (about 3 h) (Fig. S20).
This can be ascribed to more ordered channels and more adsorption sites
exposed in the higher crystalline RT-iCOF [37].

The interaction between RT-iCOF and DCF was evaluated by XPS
(Fig. 5, S21 and S22). Fig. 5a shows that the characteristic peaks of C1 s
for C=0 (289.10 eV) and C—N (286.26 eV) of RT-iCOF slightly changed
after DCF loading (289.00 eV for C=0 and 286.02 for C—N) [61]. As
shown in Fig. 5b, the binding energy of N 1 s for viologen = N*— and
amine -NH- was shifted from 402.13 and 400.17 eV to 402.46 and
399.95 eV, respectively [62], demonstrating the interaction of viologen
= N"— and DCF. The N 1 s relative peak area for -NH- significantly
increased due to the contribution of adsorbed DCF. The O 1 s spectra of
RT-iCOF was assigned to protonated C = OH™ (532.61 eV) and C=0
(530.85 eV) [33,53]. After the adsorption, the O 1 s peak of C = OH"
shifted to 532.05 eV, and a new O 1 s peak at 533.24 eV associated with
—COO" of DCF appeared (Fig. 5¢) [56]. Moreover, the decrease in the O
1 s peak area of C = OH" in company with an increase in the O 1 s peak
area of C=0 might result from the interaction between protonated C =
OH" and —-COO~ of DCF [63]. The Cl 2p spectrum of RT-iCOF was
ascribed to Cl~ 2p;,» and Cl™ 2p3/ at 198.26 and 196.89 eV, respec-
tively [64]. After uptake of DCF, free Cl~ was not observed and two
peaks at 202.69 eV (2ps,2) and 200.69 eV (2p;,2) for the C-Cl of DCF
appeared (Fig. 5d). In addition, sodium was not detected before and
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after adsorption. These results can be attributed to the exchange of hard
base Cl™ with soft base DCF anion in conjugation with the formation of
hard base (Cl )-hard acid (Na™) and soft base (DCF )-soft acid ion
(viologen = NT—) pairs [65]. To further prove the occurrence of ion
exchange, the Cl 2p XPS spectra of the HCl-regenerated RT-iCOF after
MeOH elution were measured (Fig. S22). After desorption, the Cl 2p
peaks for the C-Cl of DCF disappeared while the Cl 2p intensity for the
Cl™ of RT-iCOF decreased to extremely low levels. HCI treatment made
the Cl 2p intensity of Cl~ return to a level equivalent to that of the
original RT-iCOF. The above results confirm the occurrence of ion ex-
change and the full regeneration of RT-iCOF with HCL.

The FT-IR spectra of RT-iCOF before and after the adsorption of DCF
are shown in Fig. 6. The phenyl C—=C stretching of RT-iCOF at 1584
cm ™, the phenyl C=C stretching at 1574 cm ™! and C — Cl stretching at
746 cm™! of DCF changed after adsorption as the result of the m-t
interaction between DCF and RT-iCOF [61]. After the adsorption of DCF,
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Fig. 6. FT-IR spectra of RT-iCOF, DCF and DCF adsorbed RT-iCOF (RT-iCOF-
DCF) and DCF-COOH.

the N — H stretching at 3386 cm ™!, the 0—=C-O stretching at 1452 cm ™!
of DCF and the C=0 stretching of RT-iCOF at 1613 cm " shifted to 3347
em ™!, 1455 em™! and 1617 cm™l, respectively [18], due to the
hydrogen-bond interaction. A new band at 1692 cm ™! of RT-iCOF-DCF
can be attributed to the C=0 stretching of — COOH [24]. The same
band was also observed in diclofenac acid (DCF-COOH), which again
confirmed the ion exchange in adsorption process. In addition, the FT-IR
spectra of the regenerated RT-iCOF show no obvious difference
(Fig. $23).

The lowest energy adsorption configurations of DCF adsorbed on the
different stacking modes of RT-iCOF are presented in Fig. 7. Because the
above experimental results proved the ion exchange mechanism for the
adsorption, the CI~ of RT-iCOF and Na' of DCF were left out in
Adsorption Location here. The adsorption of DCF all occurred inside the
channel structure of RT-iCOF, and the carboxyl groups of DCF were
directed towards the viologen groups, confirming the adsorption site of
viologen. In the AA-eclipsed, benzene ring structure of DCF was nearly
vertical to that of RT-iCOF whereas the H-bonding interaction was not
observed. A similar situation was also observed in a previous study [27].
In two staggered stacking modes, the DCF molecules were accommo-
dated between the layers of RT-iCOF after adsorption, and the benzene
ring structure of DCF was nearly parallel to that of RT-iCOF, indicating
the existence of n-n stacking interaction. Although hydrogen bonding
was also not observed in AB staggered mode, the N—HO—C H-
bonding interaction was seen in ABC-staggered mode. This can be
attributed to more adsorption sites exposed in more staggered struc-
tures. The calculated adsorption energy of DCF on RT-iCOF was — 47.14
keal mol ™}, indicating that the adsorption process was exothermic and
the geometrical structure of RT-iCOF-DCF stable [34].

In summary, the adsorption process is driven by a variety of in-
teractions, among which electrostatic interaction in company with ion
exchange is the main driving force while n-n interaction and hydrogen
bonding also participate in the adsorption process.
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Fig. 7. Lowest energy adsorption configuration of DCF adsorbed on different stacking modes of RT-iCOFs. (a) AA-eclipsed; (b) AB-staggered and (c) ABC-staggered.

3.6. Removal of DCF in real water samples

The applicability of RT-iCOF in real environmental water samples
was examined. As illustrated in Fig. 524, the removal efficiencies were
99.9%, 99.5% and 97.6% in pure water, domestic water and lake water
with the DCF concentration of 10 mg L™}, respectively. The complexity
of environmental water samples only made a slight reduction in removal
efficiency. In addition, the removal efficiency of DCF remained 91.8% in
the mixed aqueous solution of five NSAIDs, which was significantly
higher than that of other NSAIDs (Fig. S25). The good performance of
RT-iCOF shows its feasibility for practical application in DCF water
treatment.

4. Conclusion

We have first reported a strategy for the synthesis of iCOF at room
temperature for 24 h. The synthesized RT-iCOF is an excellent adsorbent
for DCF with fast kinetics, large adsorption capacity, good stability and
recyclability. The adsorption is dominated by chemical adsorption with
spontaneous exothermic process. DCF is adsorbed on RT-iCOF by ion
exchange, electrostatic, n-x and hydrogen bonding interaction. Overall,
the developed RT-iCOF with facile fabrication and excellent adsorption
performance has a great potential for DCF removal in practical water
treatments.
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