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ARTICLE INFO ABSTRACT

Keywords: Chloroquine phosphate (CQP) has been suggested as an important and effective clinical reliever medication for

Conjugated microporous polymers the 2019 coronavirus (COVID-19). Nevertheless, its excessive use will inevitably cause irreparable damage to the

izmova.l entire ecosystem, thereby posing a considerable environmental safety concern. Hence, the development of
sorption

highly-efficient methods of removing CQP from water pollution sources, e.g, effluents from hospitals and
pharmaceutical factories is significant. This study reported the fabrication of novel C—N bond linked conjugated
microporous polymers (CMPs) (BPT-DMB-CMP) with multiple nitrogen-rich anchoring sites for the quick and
efficient removal of CQP from aqueous solutions. The irreversible covalent C—N bond linked in the internal
framework of BPT-DMB-CMP endowed it with good chemical stability and excellent adsorbent regeneration.
With its predesigned functional groups (i.e., rich N—H bonds, triazine rings, and benzene rings) and large area
surface (1,019.89 m2~g’l), BPT-DMB-CMP demonstrated rapid adsorption kinetics (25 min) and an extraordi-
nary adsorption capacity (334.70 mg-g~ ') for CQP, which is relatively higher than that of other adsorbents. The
adsorption behavior of CQP on BPT-DMB-CMP corresponded with Liu model and mixed-order model. Based on
the density functional theory (DFT) calculations, X-ray photoelectron spectroscopy (XPS), and adsorption
comparisons test, the halogen bonding, and hydrogen bonding cooperates with © — &, C — H---x interactions and
size-matching effect in the CQP adsorption system on BPT-DMB-CMP. The excellent practicability for the
removal of CQP from real wastewater samples verified the prospect of practical application of BPT-DMB-CMP.
BPT-DMB-CMP exhibited the application potentials for the adsorption of other antiviral drugs. This work opens
up an efficient, simple, and high adsorption capacity way for removal CQP.

Chloroquine phosphate

1. Introduction

Chloroquine phosphate (CQP), the chemical name of 7-chloro-4-(4-
diethylamino-1-methylbutylamino) quinoline, has been shown to be a
safe and efficient drug for the treatment of malaria and autoimmune
diseases [1]. In 2020, CQP was thrust into the limelight due to its
effective inhibition of the 2019 coronavirus (COVID-19) caused by the
SARS-CoV-2 virus [2-5]. With persistent and global presence of COVID-
19, CQP, as one of the emerging contaminants (ECs), its large-scale use
and bio-accumulation could accelerate the proliferation of chloroquine-

* Corresponding authors.

resistant strains of plasmodium species in the eco-environment, which
could disrupt the entire ecological balance and threaten the health of
living beings [6-8]. As the only water treatment method currently
available, degradation has been used to treat CQP from water system as
far as we know. For instance, degradation methods using PDINH/MIL-
88A(Fe) [9], BUC-21(Fe) composites [10], SA Co—N—C (30)/PMS
[11] system, and Co-Mg mixed metal oxides [12], were developed for
CQP removal, respectively. However, the degradation process is often
complex, moreover, it can produce some low molecular compounds.
Accordingly, exploring a highly effective and simple water treatment
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process to remove CQP residue is of paramount importance.

Adsorption is an effective physical removal method, which has been
broadly applied for the elimination of organic pollutants from various
matrixes due to it being simple, efficiency, cost-effective, and environ-
mentally friendly [13-19]. However, highly efficient adsorption tech-
nology requires an excellent adsorbent. Many types of adsorbents have
been utilized to adsorption, including carbon nanotubes [20], layered
double hydroxides [21], covalent organic frameworks [22], and biochar
[23]. At the same time, advanced materials with high capacity,
outstanding adsorption efficiency, and excellent regeneration have al-
ways garnered substantial attention as adsorbents and have been the
focus by researchers.

Conjugated microporous polymers (CMPs) [24-27] are a type of
polymer with a pore size smaller than 2 nm. They are assembled into
rich n-conjugated backbones via irreversible covalent bonds, and possess
outstanding and inherent properties, including adjustable structure and
pore size, excellent stabilities, and large surface area [28-30]. There-
fore, when used as adsorbents, CMPs could provide high adsorptive
capacity or ultra-sensitivity in the fields of enrichment and removal of
contaminants. Different polymerization methods, including Suzuki
coupling [31], Heck coupling [32], Sonogashira coupling [33],
Buchwald-Hartwig (BH) coupling and so on, have been used to construct
various CMPs. For instance, BH coupling was used to produce three-
dimensional analogues via common amination reactions, which were
triggered via palladium-catalyzed coupling between amines and aryl
bromides [34,35]. As the simple approach of expansion of C—N bonds
[36,371, CMPs obtained by BH coupling possessed bonding with CQP.
Furthermore, an abundant n-conjugated structure with specific electron-
donating idiosyncrasy could strengthen the © — & stacking interaction
with the benzene rings of CQP [38]. The above-formed interactions
could provide BH-prepared CMPs with significant potential to improve
their adsorption capacity and rate for CQP.

Herein, a stable CMP with high surface area was prepared from 2, 4,
6-Tris(4-bromopheny)-1, 3, 5-triazine (BPT) and 2, 2-Dimethyl-(1, 1-
biphenyl)-4, 4-diamine (DMB) (BPT-DMB-CMP) via BH coupling
(Scheme 1), which was an adsorbent worked for the rapid adsorption
and effective removal of CQP from aqueous solutions. The triazine
groups were selected and decorated within the BPT-DMB-CMP frame-
work to enhance internal stability and provide multitudinous N-rich
functional sites to realize excellent removal performance via potential
halogen-bonding interaction. The optimized BH cross-coupling strategy
for fabricating the BPT-DMB-CMP provided a relatively large surface
area and excellent chemical stability. The influence of adsorption (pH
and adsorbent dosage) was explored and optimized in detail. The
adsorption kinetics, adsorption isotherms, and thermodynamics of
BPT-DMB-CMP for the removal of CQP were explored in depth.
Exploiting the abundant aromatic rings, triazine rings and the expansion
of C—N bonds by BH coupling, the prepared BPT-DMB-CMP exhibited
outstanding adsorption capacity and rate to CQP via the designed
pivotal roles, i.e., halogen bonding, hydrogen bonding, n—n interaction,
C—H---r interaction, and size matching effect, which was tested and
simulated by X-ray photoelectron spectroscopy (XPS), density functional
theory (DFT) calculation, and adsorption test. The excellent adsorption

Pd(dba). XPhos

NaOtBu Dioxane
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performance of BPT-DMB-CMP promoted the successful application of
the removal for CQP from three real wastewater samples (pharmaceu-
tical factories effluents, pool water, and underground water). Addi-
tionally, the adsorption capacities for other antiviral drugs on
BPT-DMB-CMP in single and mixed systems were explored. This present
work provides a novel, highly efficient, and simple method for removal
of CQP based on BPT-DMB-CMP in water treatment process.

2. Materials and methods
2.1. Chemicals and characterization

The DMB, BPT, 1, 3, 5-Tris (4-bromophenyl) benzene (TBB), 4, 4'-
biphenylenediamine (BPDA), and Bis(dibenzylideneacetone)palladium
(Pd[dbal,) used in this study were from the Aladdin Biochemical
Technology Co., 1td. (Shanghai, China). 2-(Dicyclohexylphosphino)-2, 4,
6-tri-i-prooyl-1, 1-biphen (XPhos) was obtained from the Alfa Chemical
Co., Itd. (Zhengzhou, China). CQP, famciclovir, lamivudine, and favi-
piravir were provided by ANPEL Laboratory Technologies (Shanghai,
China). Sodium tert-butoxide (NaOtBu) was supplied by the Sinopharm
Chemical Reagent Co., 1td (Shanghai, China).

Scanning electron microscopy (SEM) images were studied using a
German Zeiss SUPRA™S55 SEM instrument. A high vacuum with a 3 kV
accelerating voltage was used for the SEM analysis. Fourier-transform
infrared (FT-IR) spectroscopy was collected by a Nicolet 710 infrared
(IR) spectrophotometer using wavenumbers (cm’l) to record the sig-
nal’s transmittance (%). The gas adsorption-desorption experiments
were recorded using a JW-BK300C volumetric sorption analyzer recor-
ded and were conducted using ultra-high-purity Ny gases for the gas
adsorption—desorption process. The XPS spectra were recorded on a
Thermo Fisher Escalab 250xi instrument equipped with an Al mono-
chromatic X-ray source. A BRUKER 400 MHz nuclear magnetic reso-
nance (NMR) spectrometer recorded the Solid-state 3¢ NMR spectra. A
Malvern Panalytical ZS90 instrument was used to obtain the zeta po-
tential of BPT-DMB-CMP. Elemental combustion analysis has been
performed on a UNICUBE elemental analyzer (Elementar Company,
Germany). A Shimadzu UV2550 Ultraviolet-visible (UV-vis) spectro-
photometer was used to record the UV-vis absorption spectra. The
chromatographic for quantitative analysis of four antiviral drugs was
conducted by the thermo U-3000 (Dionex, USA) system.

2.2. Synthesis of BPT-DMB-CMP

This study polymerized BPT-DMB-CMP in an optimized manner
according to the previously reported methods [39] to provide a large
specific surface area and a stable pore size. A round-bottomed flask was
filled with BPT (273.03 mg, 0.5 mmol) as the core and DMB (70.05 mg,
0.33 mmol) as the linker, at a ratio of 1.5:1. Then Pd(dba), (0.03 mmol),
XPhos (0.045 mmol), and NaOtBu (3.5 mmol) were placed in the flask
under an argon atmosphere to protect against the activation of the
palladium catalyst. A 60-mL volume of dioxane was added to the
mixture, which was heated to 85 °C and stirred under a magnetic force
for 24 h. The obtained substance was washed separately once with

Scheme 1. Schematic illustration for the synthesis of BPT-DMB-CMP.
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purified water and four times with methanol. Finally, the
BPT-DMB-CMP was dried in a vacuum drying chamber at 60 °C for 12 h
to obtain the final product in 83 % isolation yield. Elemental analysis
(%) C, 73.01, H 4.90, N. 11.25. The two CMP without triazine groups
(TBB-DMB-CMP and TBB-BPDA-CMP) were synthesized under the same
condition via changing BPT (273.03 mg, 0.5 mmol) to TBB (271.54 mg,
0.5 mmol) and DMB (70.05 mg, 0.33 mmol) to BPDA (60.79 mg, 0.33
mmol), respectively.

2.3. Adsorption experiments

The CQP stocking solution concentration of 10,000 mg-L ™! was
prepared by adding a certain amount of CQP solid dissolving in pure
water and storing it in a volumetric flask at 4 °C. The working solution
was obtained by the stepwise thinning of the stocking solution. The pH
of the working solution was 6.0.

Adsorption kinetics: An amount of (5.0 mg, 10.0 mg, and 20.0 mg)
BPT-DMB-CMP were weighted and placed in a 40-mL headspace bottle
with 10 mL of 100 mg-L~! CQP solution. The adsorbent concentration is
referred to by Cs. At 35 °C, this mixture was agitated in an air bath
thermostatic oscillator at a revolving speed of 260 rpm for different
durations.

Adsorption isotherms: An amount of (5.0 mg, 10.0 mg, and 20.0
mg) BPT-DMB-CMP were weighted and placed in a 40-mL headspace
bottle with 10 mL of CQP solution (the desired CQP concentration
ranged 0-350 mg-L™1). The mixture was agitated in an air bath ther-
mostatic oscillator at a revolving speed of 260 rpm under different
temperatures (25 °C, 35 °C, and 45 °C) for 12 h.

Then, the separation of the supernatant from the solid phase was
passed through a 0.45-pm cellulose acetate filter. The obtained super-
natant was thinned by pure water and explored by a UV-vis spectro-
photometer. The wavelength was set at 343 nm for the detection of CQP.
The term q; (mg-g~ ) refers to the adsorption capacity at time t, and qe
(mg-g ™) refers to the equilibrium adsorption capacity of equilibrium.
These values were calculated using the following equations:

g = (G -GV 6

m

— \%
g = o= CIV @

m

where Cy, C;, and C. (all mg-L’l) refer to the concentration of CQP at
initial, t, and equilibrium time, respectively. The term V (L) stands for
the volume of the solution, and m (g) represents the BPT-DMB-CMP
mass. The equations fitted by the adsorption isotherms and kinetic
models can found in the Supporting Information.

2.4. Dft

The DFT calculations were used to simulate the elaborate adsorption
mechanism from the adsorption process, which was accomplished using
the Dmol® program package in Material studio. The exchan-
ge—correlation energy was calculated using the Perdew-Burke-Ernzerhof
(PBE) function within the generalized gradient approximation (GGA).
The c-axis of the one-layer-four-hole slab with a 2 x 2 x 1
BPT-DMB-CMP supercell was built to adsorb five identical CQP mole-
cules. The guest molecular adsorption was analyzed using the Metrop-
olis Monte Carlo algorithm.

2.5. Real water samples application

Pharmaceutical factories effluents and underground water were
collected from Zhangqiu (Jinan, China). Pool water was collected from
Jinan (China). The real samples were passed through a 0.45-pm cellu-
lose acetate filter. 5.0 mg of BPT-DMB-CMP was added into 10 mL of
pharmaceutical factories effluents and underground water or pool water
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with different spiked CQP solution (50 and 100 mg/L). The mixture was
agitated in an air bath thermostatic oscillator at a revolving speed of
260 rpm at 35 °C for 12 h. The obtained supernatant was diluted by
water and analyzed with UV-vis spectrophotometer.

3. Results and discussion
3.1. Characterization

The successful combination of the BPT-DMB-CMP network via BH
coupling was verified by FT-IR spectra (Fig. 1A), solid 3C NMR
(Fig. 1B), and XPS spectra (Fig. 1C-E). The original characteristic peaks
centered 3,337 cm ™! and 3,397 cm™! correlating to the amine groups of
DMB and the stretching vibrations at 1,171 cm ™! and 1,009 cm ™! arising
from the aryl C-Br groups of BPT were diminished in the FT-IR spectrum
of BPT-DMB-CMP, which indicated the occurrence of a complete
polymerization reaction between the raw materials. However, after the
BH coupling, newly characteristic peaks emerged at 1,078 cm™! and
816 cm ! from the C—N and C—H bonds. Moreover, the benzenoid-type
secondary amine and aromatic rings at 1,598 em ! and 1,502 cm ™},
respectively, were clearly visible in the FT-IR spectra of the resulting
CMP. Additionally, the triazine rings of the BPT stretching vibration at
1,365 cm™! remained in the BPT-DMB-CMP network. The solid 13C
NMR spectra exhibited a broadened chemical shift at approximately
118-143 ppm, which was caused by the substituted and unsubstituted
phenyl carbons. Two additional resonances at approximately 24 ppm
and 178 ppm were assigned to the methyl and triazine ring groups of
BPT-DMB-CMP, respectively. The typical polyaniline XPS spectra shape
was observed in the Fig. 1D, suggesting the polyaniline structure in the
BPT-DMB-CMP network. The peak at binding energies of 399.06 eV for
the N 1 s correspond to the -NH- bond derived from the BH coupling.
The C 1 s peak at 286.22 eV and the N 1 s peak at 398.04 eV are
indicative of the C=N bonds of triazine rings. The C 1 s peaks at 284.78
eV and 284.14 eV originated from the aromatic C and C—H bonds,
respectively. All of the abovementioned charged chemical bonds are
consistent with the predesigned architecture of BPT-DMB-CMP.

The morphological structure of BPT-DMB-CMP comprised abundant
aggregated nanoparticles, as seen in the SEM image in Fig. 2A. Based on
the International Union of Pure and Applied Chemistry’s classification,
the Ny adsorption—desorption behavior of BPT-DMB-CMP (Fig. 2B and
Fig. S1 and S2) belonged to Type I, reflecting the pore-filling phenom-
enon of a microporous adsorbent. It was noteworthy that the Bru-
nauer-Emmett-Teller (BET) surface area of BPT-DMB-CMP reached up
to 1,019.89 m2.g~!. The relatively large surface areas provided more
adsorption spots to improve the CQP adsorption efficiency and rate of
BPT-DMB-CMP. Calculated by Horvath-Kawazoe (HK) method, the
dominant pore size distribution of BPT-DMB-CMP was located at 0.72
nm, as shown in Fig. 2B. The curve of the zeta potential of the
BPT-DMB-CMP’s surface ranged from pH 2.0 to 8.0, as plotted in
Fig. 2C. The point of zero charge (pHy;c) of BPT-DMB-CMP was 5.0. The
stability of BPT-DMB-CMP was confirmed by soaking in solutions of
different polarities and pH levels for 72 h. The unchanged characteristic
peak of the FT-IR spectra (Fig. 2D) confirmed the chemical stability the
intrinsic structure of BPT-DMB-CMP.

3.2. Factors affecting adsorption

To obtain the highest CQP removal efficiency rate, the adsorption
conditions were optimized, including pH and adsorbent doses.

The pH value can substantially affect the surface charge properties of
CQP and BPT-DMB-CMP, thereby influencing their interactions. Pre-
vious research results [9] revealed the pKa of CQP to be 8.4, which
indicated that the CQP was in a cationic form at pH < 8.4. According to
the results of the zeta potential of BPT-DMB-CMP, the negative charge
of the surface of BPT-DMB-CMP promoted the adsorption process when
pH > pHy,.. Hence, the highest removal efficiency of CQP occurred via
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Fig. 1. (A) FT-IR spectra of BPT-DMB-CMP, (B) solid-state 13C NMR spectra of BPT-DMB-CMP, XPS spectra of BPT-DMB-CMP: (C) full scan, (D) N1s, (E)C1s.

electrostatic interaction at pH = 5.3-8.3. To further investigate the role
of electrostatic interaction and achieve the highest CQP removal ca-
pacity by BPT-DMB-CMP, in a wide pH solution range (pH = 2.0-8.0),
the gn, of the BPT-DMB-CMP for CQP was determined and analyzed,
and the corresponding results are presented in Fig. 3A. The pH above 8.0
was not considered due to the instability of the CQP solution. The results
revealed that the BPT-DMB-CMP exhibited gy, toward CQP when the pH
was 6.0. At a pH level of 8.0, the number of positive charges of the CQP
was significantly reduced (close to 0), and the electrostatic force was
weak. Therefore, the high g, was due to other possible interactions, such
as © — = stacking, halogen bonding, and hydrogen bonding. A similar
explanation could be applied to explain the slightly reduced g, of
BPT-DMB-CMP for CQP at pH = 4.0. When the pH was 2.0, a high
electrostatic force decreased the removal capacity. These results indi-
cate that electrostatic interaction was not dominant, whereas the com-
bination of other possible n — = stacking, halogen bonding, and
hydrogen bonding interactions would result in the enhanced extraction
efficiency. Therefore, the optimal parameter was pH = 6.0.

The adsorption dosage of an adsorbent is a key indicator for assessing
the highly efficient and economic removal of a contaminant. The g, and
removal efficiency in the CQP condition were evaluated by adding
different BPT-DMB-CMP dosages to a 10-mL 200 mg-g~* CQP solution,
as shown in Fig. 3B. As the mass of the BPT-DMB-CMP increased from
2.5 to 20.0 mg, there was a significant increase in the removal efficiency
of CQP, which explained the increase in the free adsorption sites with
the larger BPT-DMB-CMP mass. Conversely, the ¢, of the
BPT-DMB-CMP gradually decreased from 250.54 to 80.83 mg-g~'. This
phenomenon could be because a lower unit weight of BPT-DMB-CMP is
more likely to be fully exposed in the same CQP solution. The faster the
saturation rate of the BPT-DMB-CMP adsorption site, the higher the g
value. When the BPT-DMB-CMP dosage reached 5.0 mg, the increase in
the adsorption efficiency rate began to decline, and the g. value was
relatively high. Considering the impact of economic effects, the opti-
mum parameter for BPT-DMB-CMP was 5.0 mg.

3.3. Adsorption kinetics

Adsorption kinetics are the substantial description to elucidate the
whole adsorption mass-transfer process and removal effectiveness for
the establishment of a diffusion mechanism. To confirm the adsorption
rate of CQP, the adsorption relationship between the contact time of
BPT-DMB-CMP in a CQP aqueous solution and the adsorption capacity
of BPT-DMB-CMP for CQP were determined and compared. Fig. S3
presents the adsorption kinetics of CQP on BPT-DMB-CMP for three
different Cs (0.5, 1.0, and 2.0 g-L’l). Between 80.38 % and 99.99 % of
the CQP was removed at a low Cg (from 0.5 to 2.0 g-L’l), which
confirmed the high-adsorption capacity and excellent CQP removal ef-
ficiency of BPT-DMB-CMP. The equilibrium time of the CQP was real-
ized within approximately 3 h for C; of 0.5 g-L ™1, 90 min for 1.0 g-L ™},
and 25 min for 2.0 g-L~!, indicating the rapid removal of CQP by
BPT-DMB-CMP.

Herein, pseudo-first-order (PFO) [Eq. (S4)] and pseudo-second-order
(PSO) [Eqg. (S5)] models were established to describe and fit the
adsorption capacity at different times. A non-linear regression analysis
and fitted parameters are shown in Fig. 4A and 4B, respectively, which
were calculated by Eq. S4 and Eq. S5. The goodness of fit in terms of the
coefficient of determination (R?) of the PFO model (0.91 50, 0.9483, and
0.9939 for three different C;) and the PSO model (0.9705, 0.9904, and
0.9979) were all above 0.9000, which indicated that both pseudo
models could adequately explain the adsorption of CQP. Hence, the
mixed-order (MO) model, a general kinetic model containing PFO and
PSO models, was applied to further describe this complex adsorption
process. Fig. 4C and Table 1 present and summarize the graphical
interpretation and fitting parameters of MO model, respectively, which
were calculated by Eq. (S6). The good values of R? (0.9705, 0.9904, and
0.9991) illustrated that the MO model well predicted the complex CQP
adsorption process. The values of k1’ (0.00031, 0.0016, and 0.0556) and
ko' (0.00028, 0.00095, and 0.0074) confirmed that CQP adsorption was
an interactive process involving both PFO and PSO kinetic processes
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[22].

Fig. S4 showed the rate of the entire adsorption process of CQP at
three different Cs, which were calculated by Eq. (S1) and Eq. (S2). Other
mass-transfer processes and the adsorption rates on the active sites were
interpreted according to PFO and PSO rates, respectively. The rate of
CQP removal continued to decline until the adsorption capacity reached
the maximum, which revealed the gradual occupation and consumption

of adsorption sites by CQP diffusion with increasing contact time. The
PSO rate was higher than that of PFO in the adsorption process of CQP
onto BPT-DMB-CMP, indicating the active sites concerning adsorption
rate was dominant rather than other mass-transfer processes. Hence,
more active sites could be obtained via the functionalization of
BPT-DMB-CMP, which provides more possibilities for higher adsorp-
tion capacities [40].
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Fig. 4. The adsorption kinetics of CQP onto BPT-DMB-CMP fitted by (A) the PFO model, (B) PSO model, (C) MO model and (D) the intra-particle diffusion model.

Table 1
Parameters of different kinetic models for CQP adsorption onto BPT-DMB-CMP.
Models Parameters Cs (g~L’1)
0.5 1.0 2.0
PFO k; (min~1) 0.0292 0.0687 0.2468
model q. (mg-g™1) 150.65 108.06 57.44
R? 0.9150 0.9483 0.9939
PSO k 5 (g-mg~!-min 2.7440 x 107* 9.4926 x 107* 0.0097
model 1)
q. (mg-g™») 160.73 115.21 59.12
R? 0.9705 0.9904 0.9979
MO k1 (min~1) 3.0861 x 10°* 0.0016 0.0556
model ko 2.7383 x 10 9.5027 x 10*  0.0074
(g‘mg’ymin’l)
R? 0.9705 0.9904 0.9991

Confirming the potential rate-controlled steps of the adsorption
process using only PFO, PSO, and MO models was difficult. Hence, intra-
particle diffusion was considered to fit the obtained experimental re-
sults, which was calculated by Eq. (S7). From Fig. 4D, the straight
regression line of q; vs time'/2 did not pass through the origin, which
implied that external mass transfer and intra-particle diffusion were
controlled identically during the entire adsorption process [41].

3.4. Adsorption isotherms

Equilibrium adsorption isotherms allow the visualization of impor-
tant information when investigating the ¢, and explaining the

adsorption properties of an adsorbate bounding to the surface of an
adsorbent.

The adsorption isotherms of CQP on BPT-DMB-CMP were investi-
gated in three different experiments Cs (0.5, 1.0, and 2.0 g-L’l), and all
data are plotted in Fig. 5A. The increase in the adsorption dosage caused
the regular reduction of the g, of BPT-DMB-CMP for CQP, which cor-
responds with the outcomes reported elsewhere [42]. In the present
study, Langmuir [Eq. (S8)], Freundlich [Eq. (§9)], and Liu [Eq. (S10)]
models were used to fit the given experimental data of CQP on
BPT-DMB-CMP. The fitted curves and calculated parameters of these
three isotherm models were presented in Fig. 5B-D, and Table 2,
respectively.

The theoretical Langmuir model assumes that the adsorption process
is monolayered with a homogenous surface and equivalent binding sites.
The good values of Kj, (0.0097-0.9093, 0 < K;, < 1) confirmed that the
adsorption process for CQP was favorable for three given Cs [43]. The
Freundlich model, an empirical equation, describes the assumption that
all the active sites of an adsorbate are distributed on layers with a
heterogenous surface and infinite adsorption possibilities. The values of
np were between 1.7709 and 5.8207 (1 < np < 10), which revealed that
the removal process of CQP was both positive and spontaneous [44]. The
Liu model is a formula derived from a combination of the Langmuir and
Freundlich models, but discards the assumptions of the Langmuir model
(i.e., the property of adsorption is monolayered) and the Freundlich
model (i.e., infinite adsorption). Liu model assumes that the energy of
different adsorption sites is diverse [21,45]. It can be clearly seen that,
the R? values of the Liu model (0.9660-0.9924) are close to 1.0, which
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Table 2

Parameters of the Langmuir, Freundlich, and Liu models for the adsorption of
CQP onto BPT-DMB-CMP at three different Cs.

Equation Parameter Cs (gL™h
0.5 1.0 2.0
Langmuir qm (mg-g™h) 330.00 230.00 84.84
K;, (L.mg™) 0.0097 0.0097 0.9093
R? 0.9411 0.9047 0.9447
Freundlich ng 1.8262 1.7709 5.8207
K [mg-g~1-(mg- L~ 1)~/ 11.7474 7.3457  39.4491
R? 0.9339 0.8935 0.9205
Liu qm (mg-g™h) 334.70 207.80 97.24
Ky (L'mg™h) 0.0090 0.0105 0.4721
n, 1.2272 1.8510 0.5544
R? 0.9660 0.9804 0.9924

were higher than the Langmuir (0.9047-0.9447) and Freundlich
(0.8935-0.9339) models. This indicated that the Liu model was pref-
erable for visualizing the adsorption behavior of CQP on
BPT-DMB-CMP. The remarkable g, obtained by the Liu model was
334.70 mg-g ! ata Cs of 0.5 gL~ L.

The comparisons of CQP adsorption performance based on various
reported adsorbents such as magnesium trisilicate [46], magnesium
oxide [46], aluminium hydroxide [46], edible clay [46], lantain peel
activated carbon-supported zinc oxide (PPAC-ZnO) [47], hibiscus sab-
dariffa seed pods (HSP1) [48], agar-graphene oxide (A-GO) [49] and
BPT-DMB-CMP are presented in Table 3. The gy, of BPT-DMB-CMP is
observed to maintain at a high level with value of 334.70 mg-g !, which

Table 3
Comparison of CQP adsorption onto the reported various adsorbents.
Adsorbent dm Equilibrium Condition Refs
(mg~g’1) time
Magnesium 4.721 no given T =307 K [46]
trisilicate
Magnesium 4.175
oxide
Aluminium 3.911
hydroxide
Edible clay 2.140
PPAC-ZnO?* 50.51 120 min T=313K [47]
HSP1® 161.29 120 min Cs = 0.08 gL' pH [48]
=3.0T=328K
A-GO® 63 no given Cs = 0.02 gL pH [49]
=80T=297K
BPT-DMB-CMP 334.70 25 min Cs=0.5 g»L’1 pH = This
6.0 T =308 K work

PPAC-ZnO® = Plantain peel activated carbon-supported zinc oxide.
HSP1P = Hibiscus sabdariffa seed pods.
A-GO® = Agar-graphene oxide.

is relatively higher than that of other adsorbents. Additionally, the
adsorption equilibrium time of CQP on BPT-DMB-CMP is advanced
level (only 25 min), which is faster than that of the reported other ma-
terials. These comparisons indicated that BPT-DMB-CMP is a suitable
adsorbent for the removal of CQP with high q, and fast adsorption rate.
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3.5. Adsorption thermodynamics

The equilibrium adsorption isotherms of a range of temperature
(25 °C-45 °C) of CQP on BPT-DMB-CMP were investigated (Fig. 6 and
Table S1), and the corresponding fitted curves of the three models at
different temperatures are presented in Fig. S5. A temperature of 35 °C
provided the maximum adsorption capacity of BPT-DMB-CMP for CQP,
indicating that high or low temperatures weaken the chelation between
the adsorption sites of BPT-DMB-CMP and CQP, thereby reducing
adsorption capacities.

To further investigate the energy changes of CQP adsorption onto
BPT-DMB-CMP, we calculated the Gibbs free energy (AG®), enthalpy
change (AH), and entropy change (AS°) values. These thermodynamic
parameters for characterizing the adsorptive behavior were summarized
and presented in Table 4. The thermodynamic equilibrium constant (Ke)
was acquired by the best fit model (the Liu model); this was calculated
by the Liu model’s constant (Kj) value, which was changed from L-mg~!
into L-mol~! [Eq. (S11)]. The Supporting Information contains the
calculation formula and method. The spontaneous property of the
adsorption of CQP onto BPT-DMB-CMP was obtained based on the
negative AG® values (-5.13 kJ mol-L~! for 25 °C, -6.17 kJ mol-L~! for
35 °C, and —7.34 kJ mol-L. ! for 45 °C), which were calculated based on
Eq. (S12). Generally, the values of AG°® (20 kJ mol-L ™! < AG® < 0 kJ
mol-L~1) were low for physisorption, whereas, the values of AG° (-800
kJ-mol™! < AG® < -40 kJ-mol™1) were higher [50]. Hence, the physical
adsorption between CQP and BPT-DMB-CMP was dominant. This phe-
nomenon was further verified by AH°, which was calculated using Eq.
(S13). The AH® value for physisorption was<40 kJ mol-L™}, and the
chemisorption value was between 40 and 800 kJ mol-L ! [41]. The AH°
value was 20.12 kJ-mol ™}, which confirmed that the adoption was an
endothermic reaction. The positive AS°® of 0.133 kJ-mol 1-K ! hinted at
an increase in the stochasticity of the solid-liquid border, indicating the
excellent attraction between BPT-DMB-CMP and CQP.

3.6. Adsorption interaction mechanism

From the structural perspective, BPT-DMB-CMP are a type of rich
n-conjugated backbone with triazine rings covalently linked by C—N
bonds. Each triazine ring owns electropositive N atoms. Along with the
large surface area of BPT-DMB-CMP, these functional groups contribute
to CQP capture with their abundant aromatic rings and halogen atoms
not only via hydrogen and halogen bonding but also by n-rn stacking
interactions.

Firstly, the XPS characterizations of BPT-DMB-CMP before and after

250
200 1
=
‘o0
g 150+
A
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=
100 ——25°C
—e— 35°C
—— 45°C
50 -

0 50 100 150 200 250 300
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Fig. 6. The adsorption isotherms of CQP onto BPT-DMB-CMP at 25 °C, 35 °C,
and 45 °C.
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CQP adsorption were compared and analyzed to confirm the existence of
the abovementioned interactions. Compared with the full scans of
BPT-DMB-CMP and CQP (Fig. 7A and Fig. S6), a new characteristic
peak ascribed to Cl 2p appeared after CQP adsorption. This result
revealed only that CQP was captured onto BPT-DMB-CMP, but it did not
prove that the interaction was due to halogen bonding. This is because
the Cl---N interaction was too weak to be detected in the XPS spectrum
[51]. Subsequently, DFT calculations were performed to confirm the
existence of halogen bonding. Additionally, when CQP was adsorbed
onto BPT-DMB-CMP, the C 1 s peak attributed to C=C bonds of
BPT-DMB-CMP at binding energies of 284.68 eV moved to a relatively
lower binding energy at 284.49 eV. Meanwhile, the C=C bonds content
of BPT-DMB-CMP increased clearly from 26.11 % to 47.82 % after the
extraction of CQP by BPT-DMB-CMP (Fig. 3D and 7B). The N 1 s peak
located at 399.06 eV for -NH- were shifted to 399.44 eV after CQP
adsorption (Fig. 3E and 7C). All these phenomena indicated the presence
of both n-r interaction and hydrogen bonding during the adsorption
process in a real experimental environment [52,53].

From a molecular structure perspective, a DFT analysis was used to
further confirm and reveal the interaction mechanism between CQP and
BPT-DMB-CMP. Fig. 8A depicted the adsorption configuration of CQP
adsorption on BPT-DMB-CMP. Fig. 8B and C demonstrate the possible
C—H---n stacking and n-n stacking interactions. The strongly electro-
positive Cl element of CQP interacted with the N element, which
possessed the electronegativity of the triazine ring of BPT-DMB-CMP, to
produce halogen bonding, which is shown in Fig. 8D. The expansion of
the C—N bonds of the BPT-DMB-CMP network facilitated the produc-
tion of hydrogen bonding (Fig. 8E). Additionally, the BPT-DMB-CMP
with large surface area (1,019.89 m2~g’1) increased the adsorption sites
and induced the occurrence of van der Waals (vdW) interactions. Based
on the above analysis of potential mechanisms, the theoretical expla-
nations were consistent with the experimental data in terms of the
excellent CQP removal capacity of BPT-DMB-CMP.

In order to further prove the importance of N-rich material for
improving the adsorption performance, by comparison, two CMP
without triazine groups (TBB-DMB-CMP and TBB-BPDA-CMP) are
designed and synthesized. The characterization data of TBB-DMB-CMP
and TBB-BPDA-CMP in FT-IR spectra revealed their successful prepa-
ration (Fig. S7A). BET surface area of TBB-DMB-CMP and TBB-BPDA-
CMP reached up to 964.02, 965.90 m%.g~! (Fig. S7B and S7C), respec-
tively, and their values were comparable to that of BPT-DMB-CMP
(1,019.89 m?.g~1). The adsorption capacities of CQP on BPT-DMB-CMP,
TBB-DMB-CMP and TBB-BPDA-CMP were compared, as displayed in
Fig. 9. BPT-DMB-CMP with triazine groups has given significantly
higher adsorption capacity toward CQP compared with other two CMP
without triazine groups. This phenomenon indicated that the multitu-
dinous N-rich functional sites on CMP is conducive to excellent removal
performance via potential halogen-bonding interaction.

3.7. Real water sample application

To further evaluate practicability of BPT-DMB-CMP for the removal
of CQP in actual sample implementation, adsorption regeneration abil-
ity was investigated. An acetonitrile solution containing NH3-H2O (5 %)
was used to desorb CQP from BPT-DMB-CMP within 10 min of oscil-
lation for a total of three times. Purified water was used as a single wash.
The adsorbed CQP was successfully desorbed in an alkaline eluent due to
the effect of strong electrostatic repulsive interactions in the desorption
process, which could be explained by the =zeta potential of
BPT-DMB-CMP and the pKa of CQP (in Fig. 2C). After five desorption
procedures, the adsorption capacity of BPT-DMB-CMP decreased (see
Fig. 10A). This performance confirmed the excellent adsorption regen-
eration ability of BPT-DMB-CMP for the removal of CQP.
BPT-DMB-CMP performed high adsorption capacity for CQP (Fig. 10B
and Table S2) at the concentration of 50 and 100 mg-g~* CQP in spiked
pharmaceutical factories effluents, pool water, and underground water,
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Table 4
Thermodynamic parameters for adsorption of CQP onto BPT-DMB-CMP.

T(°C) Kg(kJ-mol 1) K.(dimensionless) AG°(kJ-mol 1) AH°(kJ-mol 1) AS°(kJ-mol LK™ 1)
25 4.61 x 10° 4.61 x 10° -5.13
35 4.65 x 10° 4.65 x 10° -6.17 20.12 0.133
45 2.07 x 10° 2.07 x 10° -7.34
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Fig. 7. (A) The XPS of full scan of BPT-DMB-CMP before and after CQP adsorption, the XPS of (B) C 1 s and (C) N 1 s of BPT-DMB-CMP after CQP adsorption.

A CQP@BPI-DMB-CMP B C
C —H ..minteraction
D E
] { H bond
Q Halogen bond 3
’ /
4
4 .

Fig. 8. (A) Optimized configurations of 5 molecules of CQP adsorption onto the 2 x 2 x 1 BPT-DMB-CMP under the top view, and (B, C, D, E) different interactions

between CQP and BPT-DMB-CMP.

and results were consistent with the data in purified water. And the
removal efficiencies of CQP at the concentration of 50 and 100 mg-g~*
CQP in spiked three real wastewater samples ranged from 90.37 % to
99.97 %. The phenomena revealing that the great prospects of
BPT-DMB-CMP for adsorption and removal of CQP from wastewater
samples. These results showed the potential feasibility of
BPT-DMB-CMP as an outstanding adsorbent for practical application.

3.8. Evaluation of adsorption capacities for other antiviral drugs

In order to further open up the potential application of BPT-DMB-
CMP for other contaminants, the adsorption capacities of BPT-DMB-

CMP towards antiviral drugs such as famciclovir, lamivudine, and
favipiravir with similar structures and high water-solubility to CQP were
estimated (Table 5). The studied concentration of each antiviral drug in
single system was 100 mg-L L. The structure properties and the differ-
ences of adsorption capacities of antiviral drugs on BPT-DMB-CMP
adsorbent were displayed in Table 5. All antiviral drugs exhibited rela-
tively high adsorption on BPT-DMB-CMP, revealing the pivotal role of
hydrogen or halogen bonding interactions and the potential universality
of BPT-DMB-CMP in acquiring high effective adsorption and removal of
antiviral drugs. In addition, the adsorption capacities of CQP and fam-
ciclovir on BPT-DMB-CMP were higher than those of lamivudine, and
favipiravir, and this is likely due to size-matching effect. To sum up, the
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Fig. 9. Comparison of adsorption capacity of CQP on TBB-DMB-CMP, TBB-
BPDA-CMP and BPT-DMB-CMP at 308 K with the concentration 100 mg/L.

adsorption performance of antiviral drugs on BPT-DMB-CMP involved
multiple interactions of functional groups and molecular size.

The high-effectiveness evaluation of competitive adsorption
behavior of multiple pollutants on adsorbent in mixed system will offer
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significant guides in practical application. Herein, the competitive
adsorption test of CQP, famciclovir, lamivudine, and favipiravir on BPT-
DMB-CMP was conducted under same concentration of 100 mg-L™!. As
shown in Fig. S8, compared to adsorption performances in single system,
the adsorption capacities of CQP, famciclovir, lamivudine, and favipir-
avir on BPT-DMB-CMP decreased to 122.23, 137.26, 36.12, 46.45
mg-g~!, demonstrating the poor selectivity of BPT-DMB-CMP for anti-
viral drugs contaminants. The above result was due to the occurrence of
competitive adsorption for the active adsorption sites on adsorbents.
Thus, this competitive adsorption among the multiple pollutants should
be explored in real application.

4. Conclusions

In conclusion, the C—N bond linked BPT-DMB-CMP was firstly
prepared and applicable to efficiently adsorb and remove CQP from
aqueous solutions as a water treatment measure. According to the results
of the theoretical simulations and XPS characterizations, the method is
promising. With the introduction of abundant and rich N—H bonds,
triazine rings, and benzene rings in conjunction with the CMP’s superb
properties (including large surface area of 1,019.89 m%g~!), multiple
adsorption sites were created via the driving forces of halogen bonding,
hydrogen bonding, n—r and C—H---n stackings. After exploring the entire
adsorption process of CQP onto BPT-DMB-CMP in detail via multiple

B
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Fig. 10. (A) Effect of elution number on the adsorption capacity of BPT-DMB-CMP under an initial CQP concentration of 100 mg-L ™!, (B) adsorption of CQP from
spiked purified water and real wastewater samples (50 and 100 mg-L~!) on BPT-DMB-CMP.

Table 5
Structures properties and adsorption capacity of each antiviral drug on BPT-DMB-CMP adsorbent at 308 K with the concentration 100 mg/L.
Analyte Structure “H bond acceptors "H bond donors Halogen bond “Molar volume(cm®) Qe (mg-g™ 1)
CQP 3 1 1 183.6 189.1 + 3.4
A
joe
o e
Famciclovir )UL 2 9 2 0 221.5 194.2 + 4.8
o/\;\nJ\
a =N,
T
Lamivudine (3 Vs 6 3 0 132.2 111.5+ 2.9
N\
A,
Favipiravir 0 97.2 92.4 +£ 6.4

i 5 3
a 0

abcare obtained from http://www.chemspider.com.
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kinetics, isotherms, and thermodynamics models, Liu model and MO
model were determined to good fits. Good adsorption and removal
performance of CQP from three real wastewater samples showed the
great prospects of BPT-DMB-CMP for practical application. Mean-
whiles, with preeminent adsorption ability, BPT-DMB-CMP becomes an
excellent candidate adsorbent for removal multiple antiviral drugs. In-
depth investigation of adsorption mechanism offers a theoretical guide
for building novel highly-efficient adsorbents.
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