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Large-scale preparation of stable and efficient covalent organic frameworks (COFs) for photo-catalysts is chal-
lenging. In this work, an environmentally-friendly ball milling method was applied to synthesize COFs (TpMA)
by use of appropriate symmetry combinations (C3 + C3) of building blocks (i.e., melamine (MA) and 1,3,5-Tri-
formylphloroglucinol (Tp)). Characterization confirmed that TpMA were successfully synthesized and exhibit
thin ribbon-like structure with wrinkles and rough edges. A concentration of 120 mg/L sulfathiazole, could be
completely degraded in the presence of 30 mg TpMA under visible light (A > 420 nm). The rate of photo-
degradation was 0.1498 min~!, which was more than three times than that of TpMA prepared by sol-
vothermal method. Compared with commercial g-C3N4 and self-prepared g-CsN4, TpMA with “g-C3N4 active
center-photo-eletron shift platform-electron withdrawing unit” triadic structure shows greater photo-catalytic
activity, which exhibited rapid charge separation and electron transport capabilities, and low recombination
rates of electron-hole pairs. In addition, TpMA retained 88.5% photocatalytic activity after four cycles under the
same experiment conditions, which indicates TpMA had outstanding stability and recyclability. Superoxide
radical (-Oz) was determined to play a dominant role in photo-degradation of sulfathiazole through radical
scavenging experiments. TpMA was used to treat two industrial wastewaters including cellulose-containing
wastewater and polyvinyl alcohol-containing wastewater to determine the practicality of TpMA. The results
showed that TpMA possessed favorable anti-interference ability and high photocatalytic activity, which indicates
TpMA has practical application potential. The method of ball milling has broad application prospects in the fields
of large-scale preparation of COFs, which is conducive to bottom-up preparation of COFs with excellent
degradation capacity of organic pollutants.

1. Introduction

Sulfonamides, as a typical antibiotic, are ubiquitous in aquatic en-
vironments. Sulfathiazole is frequently detected in agricultural waste-
water, surface water, and etc. and its concentrations are distributed in
different several ranges of ng, pg and mg [1,2]. They can damage DNA of
bacteria or eukaryotic cells and increase drug resistance among micro-
organisms in aquatic environments [3-5].

Currently, processing technologies including Fenton oxidation [6,7],
adsorption [8], osmotic membrane bioreactor [9], photo-catalysis [10],
peroxymonosulfate activation [11] etc. have been applied to remove

* Corresponding author.

sulfathiazole from water. Among multiple technologies, photo-catalysis
has been recognized as a promising approach to treat organic wastes and
minimize pollution of aquatic environments [12,13]. As a typical metal-
free photo-catalyst, g-C3N4 with characteristics of visible light-driven,
abundant N atoms, simple preparation and high photocatalytic centers
is widely used to degrade various organic pollutants [14]. However, the
low electron mobility and high electron-hole recombination rate of g-
C3N4 reduce its photocatalytic activity [15]. Thus, it is urgent to look for
efficient and environmentally friendly photocatalysts to degrade
sulfathiazole.

Covalent organic frameworks (COFs), which are novel metal-free
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photo-catalysts, have attracted extensive attention for use to protect the
environment due to the characteristics of well-defined channel struc-
ture, functionalization, relatively lesser densities, good chemical sta-
bility [16-18]. COFs allow precise integration of photo-catalytic activity
centers at the atomic level and provide a variety of pre-designed struc-
tures by using various organic building blocks [19]. Integrating the
triazine units of g-C3Ny4 as photocatalytic active centers and cyclic ke-
tone units as electron-withdrawing groups into COFs can remarkably
improve its photocatalytic activity [20]. Melamine (MA) with low cost is
one of the precursors for preparing g-C3N4 [21]. MA has abundant
triazine groups and it can be used as one of monomers to synthesize
COFs. COFs produced by use of the solvo-thermal method via copoly-
merization between MA and 1,3,5-Triformylphloroglucinol (TP)
exhibited greater photo-catalytic degradation of phenol and methyl or-
ange than did g-C3Ny4 [22].

Ball milling methods of preparation of COFs has drawn significant
attention because they use less solvent and the synthesis is relatively
easy compared with solvothermal and ion-thermal methods. Ball milling
does not use harsh experimental conditions or require long reaction
times or an inert atmosphere or use large amounts of hazardous solvents.
Thus, the method might be efficient for satisfying the demands of large-
scale production of COFs [23]. Ball milling, which is also called
mechano-chemical synthesis or solid-state synthesis, is often carried out
in grinding jars, partially filled with balls to prepare various functional
materials [24,25]. Ball milling in solvent-free or conditions of less sol-
vent are considered viable alternatives to other methods. Ball milling
can result in in-situ exfoliation, dispersion and functionalization [26].
Any conditions of raw materials, wet or dry can be applied during ball
milling. Although due to the presence of inhomogeneity and randomness
during grinding process crystallinity and porosity of COFs prepared via
mechano-chemical methods are relatively poorer than those prepared by
solvo-thermal methods, but ball milling has potential for large-scale
preparation while simultaneously it faces huge challenge to obtain
good porosity and well-defined crystallinity [27,28].

The treatment of industrial wastewater with the characteristics of
complex composition, difficult to degrade, high toxicity and large
emissions has increasingly become the focus of research [29,30].
However, in the process of photocatalytic degradation of certain pol-
lutants, the photo-catalyst is often deactivated due to the combined ef-
fects of multiple factors (such as pH, temperature, turbidity, suspended
matter, and some microorganisms, etc.). Therefore, anti-interference
and effectiveness of the photo-catalysts are very necessary evaluation
factors in visible light photodegrade specific pollutants in actual in-
dustrial wastewater.

In this work, a simple ball milling method, using less solvent, was
applied to synthesize COFs (TpMA). Based on Schiff-base reaction, the
enol-keto tautomerization was formed using MA and Tp as monomers.
Chemical composition and morphology of TpMA were characterized by
use of elemental analysis, transmission electron microscopy (TEM),
Transmission electron micrograph (TEM), X-ray diffraction analyses
(XRD), X-ray photoelectron spectroscopy (XPS), Fourier transform
infrared (FTIR) spectroscopy, Thermo-gravimetric analysis (TGA), and
the Brunauer-Emmett-Teller (BET) method. In addition, photoelectric
properties of TpMA were also measured by UV-visible diffuse reflec-
tance spectroscopy (DRS), photocurrent response, electrochemical
impedance spectroscopy (EIS), and valence band XPS (VB XPS). In order
to evaluate photo-catalytic activity of TpMA, a photo-catalysis experi-
ment was conducted with sulfathiazole as a target pollutant. Free radical
scavenging experiments were conducted to detect active species formed
during the photo-catalytic process. TpMA prepared by solvo-thermal
method, commercial g-C3N4 and self-prepared g-C3sN4 were also
compared. Practical application and ability of TpMA to resist interfer-
ence from chemicals in the matrix was assessed by treating two indus-
trial wastewaters.
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2. Materials and methods
2.1. Materials

Ultrapure water (18.2 MQ cm) was prepared by using a Milli-QSP
reagent water system (Millipore, Bedford, MA). 1,3,5-Triformylphloro-
glucinol (TP), Melamine (MA), p-toluenesulfonic acid (PTSA), Tetrahy-
drofuran (THF), N, N-dimethylformamide (DMF), and acetone were
obtained from Sigma-Aldrich official website. Ethylenediaminetetra-
acetic acid disodium salt (EDTA-2Na) was purchased from JK Chemical
Ltd (Beijing, China). Tert-butyl alcohol (t-Bt), and p-benzoquinone (BQ)
was purchased from Macklin Biochemical Co., Ltd (Shanghai China). All
chemicals used in this study were directly used without further
purification.

2.2. Synthesis of COFs (TpMA, TpMA-1) and g-C3N4

TpMA was prepared using TP and MA as organic monomer by ball
milling, using a planetary ball mill (AM400, Ant Source Scientific In-
struments (Beijing) Co., Ltd., Beijing, China). Details of the synthesis are
as follows: First, 50 mL zirconia grinding jar was prepared and five 5 mm
diameter and fifteen 7 mm diameter grinding balls were added; Addition
of 1 mL of a catalyst (PTSA) and 340 mg MA into the jar and then the
mixture was ground for 15 min at 300 rpm. Second, 378 mg TP was
added to the mixture and continued to grind for 2.75 h by use of dy-
namic energies between balls and jars to synthesize irreversible enol-
keto tautomerism network structure. Third, 1 drop of water was added
to the mixture and ground 5 h. Finally, the TpMA was collected, washed
2-3 times by DMF and then dried under reduced pressure at 60 °C.

TpMA-1 was synthesized by solvo-thermal method according to
previous study [22]. Briefly, Tp (105 mg) and MA (63 mg) were
dispersed in ternary solvent (mesitylene/1,4-dioxane/3 mol/L acetic
acid = 5/5/1 by volume). Then the mixture was kept at 120 °C for three
days after the processing of sonication and bubbling with N for a period
of time. Finally, the product was washed by acetone, THF, and hot water
and dried under vacuum at 120 °C for 10 h.

Based on previously described methods [31], self-prepared g-C3Ny4
was synthesized with some modification. In detail, 3 g of melamine was
calcined at 540 °C for 4 h with the rate of 5 °C-min " in a muffle furnace.

2.3. Characterization

The produced COFs were characterized by a range of chemical and
physical properties. Elemental analysis was conducted by use of an
element analyzer (Elementar various el cube, Germany). Transmission
electron micrograph (TEM) images were evaluated by Fei Tecnai G2 F20
field emission TEM (America) operating at 200 kV. Scanning electron
microscope (SEM) images was measured by Fei Quanta Q400 thermal
field emission SEM (America) operating at 20 kV. Power X-ray diffrac-
tion analyses (PXRD, Bruker D8 advance, Germany) was perform at the
step size of 0.02° with copper radiation with 0.1 sec/step scan rate. X-
ray photo-electron spectroscopy (XPS, ESCALAB 250xi, Thermo Scien-
tific, America) was estimated with Al Ka radiation (hv = 1486.6 eV) and
the band energy was calibrated by C 1 s at 284.8 eV. The valence band
(VB) of samples (TpMA, commercial g-C3Ny, self-prepared g-C3N4) was
also determined. Thermo-gravimetric analysis (TGA) was evaluated via
SDT Q500 thermo-gravimetric analyzer (TA company, America). To
verify chemical composition of TpMA and Tp, MA, Fourier transform
infrared spectroscopy (FTIR) (Thermo Fisher Nicolet IS5 infrared spec-
trometer, America) was evaluated in the wavelength range of 400 cm™!
to 4000 cm ™! at a resolution of 4 cm ™! and 64 scans for background and
samples. The nitrogen adsorption isotherm was evaluated at 77.3 K
through specific surface and porosity analyzer (Quadrasorb EVO,
Quantachrome Instruments, America). The UV-visible diffuse reflec-
tance spectroscopy (DRS) was tested by UV spectrophotometer
(UHA4150, hitachi, Japan). Total organic carbon (TOC) was measured by
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Fig. 1. TEM (a) and SEM (b) images of TpMA.

TOC analyzer (Shimadzu, Japan).

2.4. Electro-chemical test

Photo-electrochemical tests were conducted on an electro-chemical
workstation (CHI760E, Shanghai). The saturated calomel electrode
and platinum electrode were used as the reference electrode and counter
electrode, respectively. The working electrode was prepared as follows:
5 mg TpMA was dispersed in 1 mL ethanol containing 5% wt Nafion
solutions, and the mixture was ultrasonicated for 30 min to get

35000

suspension. Then 100 pL suspension was gradually dropped onto the ITO
glass and dried at room and repeated this step several times. The 0.5 M
NayS0O4 aqueous solution worked as the electrolyte. The photo-current
response experiment was conducted with a 300 W xenon lamp. An
initial voltage was changed to —0.215 V. The EIS was measured under
the same conditions as used during the photocurrent experiment, and its
frequency ranged from 1 x 10° kHz to 0.01 Hz with an amplitude of the
sinusoidal wave of 0.005 V.
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Fig. 2. Full XPS spectrum of TpMA (a), the high-resolution TpMA XPS spectrum of C 1 s (b) and N 1 s (c).
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Fig. 3. XRD spectrum of TpMA, TpMA-1 (a), FTIR spectrum of TpMA, TpMA-1, Tp, and MA (b), Nitrogen-desorption isotherms of TpMA, and the inset is the

distribution of pore diameter (c), thermogravimetric analysis of TpMA (d).

2.5. Photo-catalysis experiment

Sulfathiazole was used as a target pollutant to evaluate the photo-
catalytic activity of TpMA. The photo-catalysis experiment was con-
ducted under a 300 W Xenon lamp with an UV light cut-off (A < 420
nm). 30 mg TpMA was dispersed 50 mL sulfathiazole solution with the
concentration of 120 mg/L. Before irradiation, the mixed solution was
magnetically stirring for 40 min to achieve adsorption-desorption
equilibrium. Subsequently, visible light was turned on to irradiate the
mixed solution. The photo-current was 19A. 1 mL of the sample was
taken at specific intervals and immediately filter with 0.22 pm mem-
brane to discard the sediment. Finally, the supernatant was determined
by high performance liquid chromatography (HPLC). Control experi-
ments without photo-catalysis or with g-C3sN4 (commercial g-CsN4 and
self-prepared g-C3N4) or with TpMA-1 prepared by solvo-thermal
method were also conducted under the same conditions. Total organic
carbon (TOC) was measured to determine the mineralization rate of
pollutants.

In addition, four consecutive experiment was implemented to eval-
uate the stability of the photo-catalyst. Experimental conditions were
consistent with the above experimental conditions. After every run, the
photo-catalyst was collected and dried at 60 °C. Afterwards, it was used
to next run. To measure the main active species in TpMA, radical
scavenging experiments were carried out: t-Bt (4.81 mmol/L), BQ (1.11
mmol/L) and EDTA-2Na (5.53 mmol/L) were used as scavengers of
hydroxyl radicals (-OH), superoxide radicals (-O3), and holes (h™),
respectively.

2.6. Removal of sulfathiazole from industrial wastewaters

Two types of industrial wastewater were collected from sewage
treatment plants (Beijing, China): cellulose wastewater and polyvinyl
alcohol (PVA) wastewater. These two wastes were labeled W-1 and W-2,
respectively. Experimental details are as follows: First, samples were

filtered through a 0.45 pm membrane to remove visible suspended
matter. Then the target pollutant (sulfathiazole) was added to 50 mL
pre-treated water samples and dissolved completely by ultrasonic.
Subsequently, photo-degradation of sulfathiazole experiments were
conducted under the same experiment conditions as photo-catalysis
experiment in Section 2.5.

3. Results and discussion
3.1. Characterization

TpMA were successfully synthesized by ball milling method based on
the co-condensation of Tp and MA. The synthesis process was divided
into three steps: First, protonation took place between PTSA and MA to
form PTSA-amine salt as a template for the Schiff-base reaction; Second,
it includes deprotonation and reversible Schiff-base reaction based on
MA and Tp. Finally, a crystalline porous TpMA containing irreversible
enol-keto tautomerization was produced. TEM and SEM images were
used to describe the morphologies of TpMA (Fig. 1a and 1b). TpMA
exhibited a thin ribbon-like structure with wrinkles and rough edges,
which may be conducive to the improvement of photocatalytic activity.
This morphology is different from the morphology of TpMA prepared by
solvent method, which may be related to grinding time. In the case of
sufficient raw materials, in situ dissection can occur in the synthesized
TpMA leading a ribbon-like structure. Elemental analysis was used to
confirm the chemical composition of TpMA and its results showed that
proportions of C, N, H, O corresponded to 43.84%, 28.16%, 3.74% and
24.26%, respectively, which were in agreement with the theoretical
values calculated by the C12HgNgO3.

Chemical and elemental composition of TpMA were determined by
examining the XPS spectrum. Three dominant elements of C, N and O
with the band energies at 283.9 eV, 397.9 eV, and 531.0 eV, respec-
tively, in the full XPS spectrum of TpMA can be observed [22] (Fig. 2a).
High-resolution spectrum of C 1 s can be deconvoluted into three peaks
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Fig. 4. Photo-degradation of sulfathiazole under visible light (a), Photo-degradation rate of sulfathiazole catalyzed by TpMA and TpMA-1 (b), Recycling runs of
TpMA (c), and FTIR spectrum (d) of TpMA before and after photo-catalysis, and free radical scavenging experiments of TpMA (e).

located at 284.7 eV, 286.4 eV, and 288.0 eV, which were assigned to sp2
C=C, C=0, and N-C = N groups, respectively [32,33] (Fig. 2b). The N
1 s spectra can be divided into two peaks with the banding energies of
399.0 eV and 400.2 eV, which represents the nitrogen atom in triazine
groups and —-NH- functional groups [34,35] (Fig. 2c).

A dominating characteristic peak at 20 = 27.73° was observed in the
PXRD pattern of TpMA, which was assigned to the reflections of the 002
plane (Fig. 3a), which is consistent with results of a previous study [36].
However, the characteristic peak of TpMA prepared by ball milling
method at the low angle (20 = 9.6°) was weaker than that of TpMA
prepared by solvo-thermal method, which was due to random exfolia-
tion of 2D layers in the process of ball milling affecting the distribution
of eclipsed pores [28]. In comparison with TpMA-1 prepared by solvo-
thermal method, the XRD pattern of TpMA prepared by ball milling
method was provided with characteristic peaks, which showed TpMA
framework had certain structural orderliness. The TpMA synthesized by
the ball milling method possessed good crystalline structure.

The FTIR spectra of Tp, MA, TpMA-1, TpMA were showed (Fig. 3b).
In the infrared spectrum of Tp, two peaks of carbon function of the al-
dehydes at 1645 cm™! and 2890 cm™' were associated with the
stretching vibrations of C = O and C-H, respectively [37,38]. In the
infrared spectrum of MA, peaks at 3418 cm™! and 3472 cm™! were
assigned to the stretching vibrations of N-H bonds. The peaks at 1435
cm™! and 1657 em ™! were attributed to stretching vibrations of Ar-C =
N and C-N [39]. The TpMA-1 and TpMA framework was generated
through the Schiff base reaction of Tp and MA. The FTIR spectrum of
TpMA was consistent with that of TpMA-1, which further indicated the
potential advantages of mechano-chemical method. In the infrared
spectrum of TpMA, the peak at 1384 cm™! was associated with
stretching vibrations of Ar-C = N, which was derived from MA. Inter-
estingly, both the -NH; of MA monomer and the CH = O of Tp monomer
disappeared [40]. In addition, three new peaks at 1233 cm’l(C-N),
1514 cm’l(C = (), and 1600 cm’l(C = 0O) were observed in the FTIR
spectra, which was caused by successful incorporation of p-ketoenamine
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Fig. 5. Valence band X-ray photoelectron spectroscopy of TpMA, commercial g-C3N4 and self-prepared g-C3N4 (a), UV-vis diffuse reflectance spectra (b), band gap
energy (c), EIS Nyquist (d) and transient photocurrent responses of plots (e) of TpMA, commercial g-C3N4 and self-prepared g-C3Ny.

links in TpMA [36]. These results indicate that the reversible Schiff base
reaction between the aldehyde functional groups of Tp and the amine
functional groups of MA occurred, resulting in synthesis of TpMA. On
the other hand, the keto-enol tautomerization of irreversible trans-
formation was successfully formed in the TpMA.

The N, adsorption-desorption isotherm of TpMA was a type IV
isotherm, which indicated existence of a mesoporous structure of TpMA
(Fig. 3c). The BET surface area and the pore volume of TpMA was 54.63
m?/g and 0.155 cc/g, respectively. Furthermore, the pore size distri-
bution is in the range of 4.17-5.60 nm, which indicated in the presence
of mesopores in TpMA (Fig. 3c inset).

TGA was used to describe thermal stability of TpMA at high tem-
peratures (Fig. 3d). TpMA is thermally stable to as great as 465 °C. There
was a small loss of mass in the range of 29.9-100 °C because of the
volatilization of water molecules adsorbed on the surface. Subsequently,
they start to gradually break down over 100 °C. Losses of mass of 26.3%

in the range of 100-465 °C indicating that TpMA has good thermosta-
bility. Finally, the mass loss reached 91% as the temperature was up to
800 °C. The reason for this loss was likely decomposition of the TpMA
framework.

3.2. Photocatalytic performance

Sulfathiazole (120 mg/L) was used as a target contaminant to assess
photo-catalytic activity of TpMA under visible light, produced by a 300
W Xenon lamp (A > 420 nm). No change was observed in photo-
degradation of sulfathiazole without photo-catalyst, which indicates
that sulfathiazole is stable under visible light (Fig. 4a). Sulfathiazole in
natural aquatic environments would not automatically decompose
under environmentally relevant solar irradiance, so that it necessary to
use additional methods to degrade it. With addition of commercial g-
C3Ny or self-prepared g-C3sNy, efficiency of removal of sulfathiazole did
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not exceed 10%, which demonstrates that g-C3N4 exhibits poor perfor-
mance for degradation of the target chemical, sulfathiazole, even if other
pollutants can be efficiently degraded in the presence of g-C3N4. Before
irradiation, TpMA-1 could remove 18.57% sulfathiazole. Subsequently,
the sulfathiazole was photodegraded and 10.28% of sulfathiazole was
still remained at the irradiation for 45 min. 47% of removal efficiency
was obtained in the presence of TpMA in the absence of solar irradiation.
That means that TpMA had adsorption capacity to sulfathiazole. In
addition, 53% of sulfathiazole is retained for photo-catalysis. TpMA can
completely photodegrade sulfathiazole with 45 min irradiation. The
results showed that TpMA has desirable photo-catalytic activity for
sulfathiazole compared to TpMA-1, commercial g-C3N4 and self-
prepared g-C3Ny4. To understand the photo-degradation kinetic of sul-
fathiazole, a pseudo-first-order kinetic equation was applied to simulate
the experimental data (Eq. (1)) [41].

—In(C/Co) = kt (1

where C and Cy are the concentrations at time t and to, respectively. k is
the rate constant.

Rates of photo-degradation of sulfathiazole catalyzed by TpMA was
0.1498 min~!, which was more than three times than that of rates of
photo-degradation of sulfathiazole catalyzed by TpMA-1 (0.0385
min~?). The result indicated TpMA prepared by ball milling method had
distinguished photocatalytic activity compared to TpMA-1 prepared by
solvo-thermal method under the visible irradiation (Fig. 4b). Simulta-
neously, this also proved that the ball milling method had considerable
potential and promising for the synthesis of nanomaterials compared to
the solvo-thermal method. The results of TOC showed that 58.84% and
32.9% of sulfathiazole were mineralized by TpMA and TpMA-1 under
visible light, which further confirmed the above conclusion.

Good photo-catalyst efficiency was related to not only the photo-
catalytic activity, but also stability and reusability of the photo-
catalyst. Herein, four consecutive repeatability experiments were con-
ducted to evaluate the stability of TpMA. Efficiency of removal was
slightly less after four cycles. 88.5% photo-catalytic activity of TpMA
was remained (Fig. 4c). Slight loss of photocatalytic activity was
attributed to the reduction of photo-catalyst in the process of TpMA
collection. Thus, TpMA can be reused efficiently with little loss of ac-
tivity. The FTIR spectrum of TpMA photo-catalyst before and after
photo-catalysis were measured to evaluate the performance of the TpMA
(Fig. 4d). No significant differences were observed in the crystallization
or in the chemical structure of TpMA after the photo-degradation of
sulfathiazole, as further verified by FTIR analysis.

To illustrate the mechanism of photocatalytic degradation, free
radical scavenging experiments were conducted to evaluate the role of
active species in photo-catalysis (Fig. 4e). Efficiencies of removal of
sulfathiazole were not different in the presence of EDTA-2Na (99.62%)
and t-Bt (100%) compared to that of with no scavengers (100%).
Additionally, efficiency of removal of sulfathiazole was partially sup-
pressed in the presence of BQ (78.05%), which demonstrated that O3
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plays a dominant role in photocatalytic degradation of sulfathiazole.
Therefore, it can be concluded that the driving force for photo-
degradation of sulfathiazole depended on the generation of -O3.

3.3. Optical and electronic properties

Optical properties of TpPMA were investigated by use of VB XPS, DRS,
EIS and Pc, which is useful for understanding its absorption edges and
visible photo-catalysis activities. The valence band energy (Eyp) of
TpMA, commercial g-C3Ny4, and self-prepared g-C3N4 were examined.
Eyp values of 2.02 eV, 1.96 eV, 1.82 eV corresponded to TpMA, com-
mercial g-C3Ny, and self-prepared g-C3Ny, respectively (Fig. 5a).

The DRS results were showed in Fig. 5b. On the one hand, the ab-
sorption edge of TpMA framework exhibited red-shifted compared to
that of building monomer (i.e., Tp and MA). The results indicated that
the porous, crystalline covalent organic framework had been success-
fully synthesized, which enhanced optical absorption. On the contrary,
g-C3Ny exhibits typical semiconductor performance, whether it is com-
mercial g-C3Ny or self-prepared g-C3N4. The absorption edges of these
two materials were 444.4 nm and 450.9 nm, respectively. The adsorp-
tion edge of the TpMA framework gives a red-shifted and broadens the
absorption range of the entire test spectrum. Thus, result of DRS showed
that the optical absorption shoulder of the TpMA framework was 500
nm. The band gap energies (Eg) were calculated through Tauc plot,
which was calculated (Eq. (2)) [42,43].

(ah)"? = A(hw — Eg) @)

where o is the absorption coefficient, hv is the photon energy, Eg is
semiconductor band gap, and n is index, which depends on the type of a
semiconductor; when n = 1 or 4, a semiconductor is direct bandgap
semiconductor or indirect bandgap semiconductor, respectively.

In this study, absorbance replaces o because they are proportional.
Draw (ahv)"’ 2 as the abscissa, hv as the ordinate, and then the inter-
section of the straight line and the abscissa in the figure is the gap en-
ergy. The Eg of TpMA, commercial g-C3N4, and self-prepared g-C3Ny4
were 2.48 eV, 2.79 eV, and 2.75 eV, respectively (Fig. 5c). The result
illustrates that the TpMA framework synthesized by use of ball milling
has a narrower Eg compared to commercial g-C3Ny or self-prepared g-
C3Ny, This result might result from the network structure formed by
introduction of Tp. It might be better to absorb a wider range of visible
light, which led to more electrons-holes generated and improved pho-
tocatalytic activity.

Conduction band energies (Ecg) of TpMA, commercial g-C3N4, and
self-prepared g-C3N4 were obtained to be —0.46 eV, —0.83 eV, and
—0.93 eV, respectively (Eq. (3)).

Ecg = Evg — Eg 3)

Separation and migration efficiency of photo-excited electron-hole
pairs are an important measure of photo-catalytic activity for a catalyst.
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Fig. 6. Band structures of commercial g-C3Ny, self-prepared g-C3N4 and TpMA, and mechanism of photo-degradation of sulfathiazole catalyzed by TpMA.
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Fig. 7. Photo-degradation of sulfathiazole two industrial wastes (a) and their photo-degradation rates (b).

In this study, optical and electronic properties, including Pc and EIS,
were analyzed. In the EIS Nyquist plot (Fig. 5d), the smaller the radius,
the lesser surface charge transfer resistance and solid-state interface
layer resistance. Both commercial g-C3N4 and self-prepared g-C3N4
possess the same arc radius. A smaller radius was observed in TpMA
frameworks, which indicates TPMA encompassed better charge carrier
mobility and improved photocatalytic activity. TpMA exhibits more
stable photocurrent response compared with commercial g-CsN4 and
self-prepared g-CsNy4 with five on-off cycles of intermittent illumination
(Fig. 5e). In addition, photo-current response intensities of TpMA were
4-fold and 2-fold greater than that of commercial g-C3N4 and self-
prepared g-C3Ng4, respectively. TpMA has faster migration and lesser
recombination rates, which was beneficial to quickly degrade organic
pollutants under visible light. The above results were consistent with
TpMA synthesized with hydrothermal method, which shows that ball
milling is an energy-efficient method that uses lesser amounts of solvents
compared with hydro-thermal methods. Based on the above results,
compared with g-C3Ny, the Schiff-base reaction between Tp and MA not
only generated cyclic ketone units as electron-withdrawing moieties, but
also formed porous network structures as the platform of photo-excited
electron-hole pairs, which inhibited recombination of electron-hole
pairs. The brilliant electronic band structure of TpMA produced more
free radicals to oxidize/reduce the pollutants and facilitated improved
photocatalytic activity, which is consistent with the results of photo-
catalytic performance analysis.

3.4. Photocatalytic mechanism

Based on the above analysis, the mechanism of photo-degradation of
sulfathiazole can be summarized schematically (Fig. 6). The energy of
the simulated visible light is greater than or equal to Eg (TpMA) = 2.48
eV, reductive photo-generated electrons are excited to the CB of the
semiconductor, leaving holes in the VB. Photo-generated electron-hole
pairs of the photo-catalyst were excited. According to results presented
in Section 3.3, the Eg, CB, and VB of TpMA were 2.48 eV, —0.46 eV, and
2.02 eV, respectively. Subsequently, the oxygen molecules adsorbed on
the surface of the photo-catalyst were deoxygenized by photo-electrons
to generate-Oy (EO, 0y/-:02 = —0.33 eV). The generated -O3 then react
with organic pollutants, such as the target chemical sulfathiazole, to
mineralize them into smaller molecules (e.g., CO3, H20).

3.5. Application of photo-catalyst in industrial wastewater

In order to determine ability to resist interference and practicality of
TpMA, two types of waste waters were used as background matrix in
replace of ultrapure water (UP-H50) in studies of photo-catalysis
(Fig. 7). For W-1, before irradiation, efficiencies of removal of

sulfathiazole were suppressed for W-1 (32%) compared with that of UP-
H0. Then sulfathiazole was completely degraded after 60 min irradi-
ation. The rate constant of photo-degradation of 0.1137 min~' was
slightly less in the presence of cellulose compared with that of up-H;O.
For W-2, the residual concentration of sulfathiazole was dramatically
greater under dark adsorption—desorption equilibrium conditions and
then gradually decreased upon irradiation with light. Finally, the con-
centration of sulfathiazole was reduced by 88.3% from 120 mg/L to
14.04 mg/L after 60 min irradiation and a rate constant for photo-
degradation 0.0458 min~! was observed. The greatest rate of photo-
degradation is observed in the presence of W-1, followed by W-2. It
represented that the effects of cellulose, PVA on photo-degradation of
sulfathiazole by TpMA are sequentially increased. The results of TOC
showed that 56.57% and 45.35% of sulfathiazole were mineralized in
the presence of W-1 and W-2, respectively. The above analysis results
showed that TpMA can still maintain high catalytic activity for the
degradation of sulfathiazole and has considerable anti-interference
ability in industrial wastewater with complex components.

4. Conclusion

In summary, for the first time, COFs with a g-C3N4 active center was
synthesized via ball milling for use in photo-degradation of sulfathia-
zole. The photo-catalyst (TpMA) was formed by co-grinding of Tp and
MA based on Schiff-base reaction at the speed of 300 rpm. TpMA ex-
hibits excellent visible light absorption capacity due to the structure of
p-ketoenamine, which provides chemical stability even if under the
light. TpMA photo-catalyst with good reusability obtained faster photo-
degradation rate for the degradation of sulfathiazole than that of TpMA-
1 prepared by solvo-thermal method, commercial g-C3N4 and self-
prepared g-C3N4. In industrial wastewater, TpMA can efficiently
degrade organic pollutants even if there is interference from other
substances in the solution. Due to the advantage of using less-solvent,
simple operation, environmental protection, ball milling has potential
for mass production of COFs and suitability for use by industries. Pre-
designed COFs to embed the photo-catalytic activity center into the
framework to make it have high catalytic activity, which suggests di-
rections for synthesis of COFs photo-catalyst in the future.
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