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ABSTRACT
Using photocatalysis to activate peroxymonosulfate (PMS) under visible light is an intriguing possi-
bility for removing contaminants fromwastewater. Since its discovery as a powerful photocatalyst,
g-C3N4 has attracted the interest of researchers due to its ability to activate PMS for removal of or-
ganic contaminants. In this study, we report the preparation of boron-doped g-C3N4 nanotubes
(1DBCN) produced through a simple calcination technique that effectively photodegraded tetra-
cycline (TC) with PMS activators under visible light. 1DBCN exhibits 99% of TC using a catalyst of
0.5 g/L and 0.3 mM PMS at pH 7 within 30 minutes. Moreover, the study extensively analyzed the
effect of PMS concentration and proposed a potential reaction mechanism. The introduction of B
in graphitic carbon nitride (GCN) nanotubes reduces the band gap and broadens the visible light
absorption range. The combined unique nanotube morphology and doping contributed to the
exceptional photocatalytic performance exhibited by the synthesized photocatalyst nanotubes.
Overall, this research contributes to the development of advanced oxidation processes and sustain-
able water treatment technologies by utilizing visible-light-driven photocatalysis for the removal of
organic pollutants from wastewater.
Key words: Graphitic carbon nitride nanotubes, photocatalytic degradation, tetracycline (TC),
peroxymonosulfate, visible light

INTRODUCTION1

In recent years, there has been an increase in the num-2

ber of patients worldwide during the COVID-19 cri-3

sis, resulting in a significant increase in the daily con-4

sumption of antibiotics. Tetracycline (TC), an an-5

tibiotic, is extensively utilized for the treatment of6

human diseases, veterinary applications and agricul-7

tural development1. Unfortunately, TC has been de-8

tected in various water sources, including groundwa-9

ter, surface water, and even drinking water, posing a10

severe threat to human health and the environment2.11

Various treatment technologies, such as adsorption,12

biodegradation, and membrane filtration, have been13

developed to address this issue. However, the imple-14

mentation of these technologies is often hindered by15

their high cost and high energy requirements, making16

it challenging to adopt them in certain regions3. Con-17

sequently, there is a pressing need to developmore ef-18

ficient and cost-effective TC removal technologies.19

Since then, advanced oxidation processes (AOPs)20

based on PMS have been increasingly developed.21

These AOPs have shown promise in addressing the22

challenges of removing organic pollutants and have23

expanded their applications beyond water treatment.24

They have demonstrated effectiveness in air purifica- 25

tion and the remediation of contaminated soil and 26

sediments, highlighting the versatility of PMS-based 27

AOPs in different remediation scenarios. The ac- 28

tivation of PMS generates reactive sulfate radicals 29

(SO4
•−) as well as other nonradical species, includ- 30

ing singlet oxygen (1O2). 31

These species play a crucial role in decomposing or- 32

ganic pollutants through oxidation reactions4. To ac- 33

tivate PMS, various methods can be employed, in- 34

cluding the use of carbon materials, transition met- 35

als, ultrasound, heat, and electricity. However, pho- 36

tocatalysis, which utilizes visible light to activate the 37

PMS reaction, is a promising approach for energy effi- 38

ciency and cost reduction. In particular, visible-light- 39

driven photocatalysis using graphitic carbon nitride 40

(g-C3N4, GCN) is a favorable option for PMS activa- 41

tion due to its high stability, low cost, and facile syn- 42

thesis5. As a type of photocatalyst, GCN can absorb 43

visible light and transfer energy to electrons, leading 44

to the generation of reactive oxygen species (ROS) 45

and holes capable of decomposing organic molecules. 46

Additionally, the photoexcited electrons generated in 47

GCN can contribute to the activation of PMS, conse- 48

quently leading to increased ROS production6. 49
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However, pristine GCN still suffers from a high50

electron-hole recombination rate, leading to a low51

PMS activation capacity. Nanostructures such as52

one-dimensional (1D) porous nanotubes are attrac-53

tive nanostructures for GCN due to their high sur-54

face area and multiple active sites. The elongated55

structure of the nanotubes creates a resonant cavity56

that can trap light, allowing for multiple reflections57

and improved photocatalytic performance. More-58

over, boron (B) doping of GCN can delocalize elec-59

trons from sp2-hybridized carbon, thus enhancing the60

activation of PMS for radical production7. Recent61

studies have successfully fabricated highly recyclable62

boron-doped graphitic carbon nitride (BCN) photo-63

catalyst films. Thesematerials exhibited superior pho-64

tocatalytic cyclic stability, attributed to their extended65

visible-NIR light absorption. Notably, the optimized66

composition achieved up to 95% rhodamine B degra-67

dation after 2 hours of irradiation8. Additionally,68

boron-doped GCN photocatalysts have been synthe-69

sized from melamine and boron oxide. Interestingly,70

these materials demonstrated different dye degrada-71

tion mechanisms depending on the dye. While rho-72

damine B degradation proceeded via direct hole ox-73

idation, methyl orange degradation was primarily74

driven by the reduction process initiated by photogen-75

erated electrons9.76

In this study, we aimed to address the above chal-77

lenges and contribute to the development of efficient78

TC removal technologies. We have developed a facile79

and environmentally friendly one-step method for80

the synthesis of boron-doped GCN nanotubes using81

melamine and urea precursors. Compared to other82

fabrication methods, this approach offers a high sur-83

face area, which is crucial for efficient photocatalytic84

performance. The unique aspect of this research lies85

in the combination of B-doped GCN nanotubes with86

PMS for the photocatalytic degradation of TC. To the87

best of our knowledge, no previous studies have been88

published on the use of B-doped GCN nanotubes in89

conjunction with PMS for TC photocatalytic degra-90

dation.91

In summary, this study aimed to develop a simple92

method to synthesize boron-doped GCN nanotubes93

using melamine, urea and boric acid as precursors for94

the photocatalytic degradation of tetracycline. Inves-95

tigations were conducted to assess the impact of vari-96

ous factors, including the concentration of the pho-97

tocatalyst and peroxymonosulfate (PMS), as well as98

to identify the primary reactive oxygen species (ROS)99

generated during the reaction process. These findings100

will contribute to future research and exploration in101

designing and developing cost-effective materials for102

efficient TC removal.103

MATERIALS ANDMETHODS 104

Chemicals and reagents 105

Peroxymonosulfate (KHSO5·0.5KHSO4·0.5K2SO4), 106

melamine, urea, and boric acid were obtained from 107

Merck, Sigma and used without further purification. 108

All the solutions were prepared in ultrapure water 109

from a purification system. 110

Preparation of B-doped GCN nanotubes 111

(1DBCN) 112

A mixture of melamine (1 g), urea (10 g), and boric 113

acid (0.1 g) in a mass ratio was calcined at 600◦C for 4 114

hours at a rate of 10◦C/min in air to produce 1DBCN 115

nanotubes10. The undoped GCN nanotubes used the 116

same procedure without boric acid (labeled 1DGCN). 117

Following the same method, a 2D nanosheet was pre- 118

pared using a mass ratio of melamine (1 g) to urea (1 119

g), denoted as 2DGCN. 120

Characterizations of photocatalysts 121

Themorphology of the synthesized samples was ana- 122

lyzed utilizing a field-emission scanning electron mi- 123

croscope (Hitachi S-4800) operating at 15 kV. The 124

presence of elements was identified through the appli- 125

cation of SEM energy dispersive X-ray spectroscopy 126

(EDS). An X-ray diffractometer (XRD, Bruker D8 127

Advance, Billerica, MA, USA) was used to investi- 128

gate the crystal structures of the photocatalyst ma- 129

terials utilizing Ni-filtered Cu Kα radiation (λ = 130

1.5406 Å). The XRD measurements were performed 131

at 40 kV and 40 mA, covering the 2θ range of 10 132

to 60◦. The determination of the pore size distri- 133

bution and specific surface area was carried out us- 134

ing N2 adsorption-desorption isotherms, which were 135

measuredwith aMicromeriticsASAP2020porosime- 136

try system at 77 K. Fourier transform infrared (FTIR) 137

measurements were conducted using a Horiba FT- 138

720 spectrophotometer, employing the KBr method, 139

within thewavenumber range of 500–4000 cm−1. The 140

diffuse reflectance spectra (DRS) were recorded using 141

a Hitachi U-4100 UV−visible-NIR spectrophotome- 142

ter, covering the 200 – 800 nm range. 143

Photodegradation of micropollutants over 144

1DBCN 145

The photoactivity of the materials was investigated in 146

the presence of visible light and PMS for the degra- 147

dation of the target compound TC. The experiments 148

were conducted in a photoreactor equipped with 400 149

W solar light lamps sourced from Taiwan with a UV 150

cutoff (λ < 420 nm) (Omron, Taiwan). To initiate 151
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Scheme 1: Schematic illustration of 1D B-doped GCN (1DBCN) fabrication for sulfate activation toward
tetracycline oxidation under visible light irradiation.

the degradation reaction, 50 mg of the catalyst was152

added to 100 mL of the solution under ultrasonica-153

tion and then magnetically stirred in the dark for 30154

minutes until adsorption-desorption equilibriumwas155

achieved. Next, the photodegradation reaction was156

initiated by adding PMS to the system while main-157

taining magnetic stirring. At specific time intervals, a158

sample of the reaction solution was collected and fil-159

tered through a 0.22 µm pore membrane filter. The160

concentration of TC was determined using a UV−vis161

Hitachi UH5300, with a detection wavelength of 360162

nm.163

RESULTS164

Characterization of the photocatalyst165

The morphology of the 2D GCN is depicted in Fig-166

ure 1a, whereas the tube-like material in Figure 1b167

has been shaped from the 1D tube-shaped material.168

The difference in morphology can be attributed to the169

variation in mass ratio between the melamine and170

urea. Because of the 1:1 mass ratio, the melamine and171

urea molecules are more randomly arranged in two-172

dimensional (2D) sheets, resulting in a thicker, irregu-173

lar structure. However, a 1:10 mass ratio of melamine174

to urea leads to the formation of 1D nanotubes that175

are approximately 3 µm in length and 300 nm in di-176

ameter. It should be noted that the introduction of B177

into GCN maintains the hollow structure with open178

ends, as observed in the SEM image (Figure 1c,d).179

This unique shape and structure allow for an exten-180

sive surface area, providing an excellent platform for181

catalysis and chemical reactions.182

Based on the provided weight percentages and atomic183

percentages, the B doping ratio in the sample is ap-184

proximately 5.96% wt by atomic composition. This185

indicates that Bwas introduced into thematerial, con-186

tributing to its overall composition. The nitrogen187

adsorption-desorption method provides information188

on the porosity, pore size distribution, and material 189

surface area. In Figure 3a, all samples exhibited type 190

IV isotherms with a hysteresis loop at higher relative 191

pressures (P/P0=0.84-0.99), indicating the presence of 192

mesopores and macropores. The specific surface area 193

of 1DBCN (81.1 m2/g) was approximately 1.4 and 2.3 194

times greater than that of 1DGCN (56.56 m2/g) and 195

2DGCN (35.4 m2/g), respectively. The pore diameter 196

of the synthesized products ranged from 2 to 160 nm. 197

The tubular structure of the nanomaterials provides 198

more exposed surface area than does the 2D stacking 199

layer, leading to enhanced reactivity and increased ef- 200

ficiency. 201

The crystal properties and chemical composition in- 202

formation were further analyzed using XRD and FT- 203

IR spectroscopy. As illustrated in Figure 3b, all 204

the samples exhibited two characteristic peaks cor- 205

responding to GCN, which were located at approx- 206

imately 13.1◦ and 27.3◦. Moreover, FT-IR spec- 207

troscopy was used to characterize the chemical struc- 208

ture and properties of GCN. According to Figure 3c, 209

the characteristic FT-IR signals associated with tri-s- 210

triazine units (810 cm−1), aromatic CN heterocyclics 211

(1200–1700 cm−1), andN-H stretching uncondensed 212

amino groups (3000–3500 cm−1) were simultane- 213

ously identified11. 214

UV−Vis diffuse reflection spectroscopy was used to 215

investigate the optical properties of the 2DGCN, 216

1DGCN and 1DBCN samples. The comparison be- 217

tween 2DGCN and 1DGCN reveals that the photoab- 218

sorption edges of 1DGCN and 1DBCN are slightly 219

redshifted, as shown in Figure 3d. Using the Kubelka– 220

Munk method from DRS, the band gaps (Eg) of sam- 221

ples 1BDCN and 2DGCN can be 2.7 eV and 2.8 eV, 222

respectively, which are smaller than the band gap of 223

bulk 2DGCN (2.82 eV). The addition of boron to 224

1BDCN resulted in a slight reduction in the band gap, 225

which can be attributed to the presence of midgap 226

states. 227
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Figure1: Morphologyof (a) 2DGCN (2-dimensional sheet-likeGCNwas synthesizedby 1gramofmelamine 1gram
of urea, forming an aggregate sheet-like structure approximately 5 µm in size), (b) 1DGCN (The tubemorphology
was synthesized using 1 gram of melamine and 10 grams of urea, which displayed a regular tubular structure), (c)
The tubemorphologywas synthesized by 1 gram ofmelamine, 10 grams of urea, and 0.1 g of boric acid, maintain-
ing a homogeneous tube structure (d) 1DBCN nanotubes (The material has a one-dimensional (1D) open hollow
nanotube shape, with tube diameters ranging from 0.3 to 3 µm)

Figure2: SEM-EDS analysis of boron-doped carbonnanotubes (1DBCN): Presence of a 5.96%boron atomicweight
ratio doping within the hollow, one-dimensional structure
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Figure 3: (a) The specific surface area of 1DBCNwas 81.1m2/g, while 1DGCNhad 56.56m2/g and 2DGCNhad 35.4
m2/g, the pore diameter of the produced products varied between 2 and 160 nm (b) XRD patterns of all the sam-
ples exhibited two characteristic peaks corresponding to graphitic carbon nitride (GCN), located at approximately
13.1◦ and 27.3◦ , (c) The chemical structures of all the materials were revealed to be similar by FT-IR spectroscopy,
which is consistent with graphitic carbon nitride and (d) The UV–vis diffuse reflectance spectroscopy (UV–vis DRS)
analysis showed the Eg of 1DBCN and 2DGCN.

Photodegradation performance228

In some of the experiments, TC molecules were ab-229

sorbed in the dark for 30 minutes to achieve adsorp-230

tion equilibrium. Figure 4a illustrates the results ob-231

tained from the photolysis system in the absence of232

photocatalysts, where it can be observed that the TC233

concentration remained almost constant during the234

30 minutes of light exposure. This observation in-235

dicates that in the absence of photocatalysts, the re-236

moval of TC was negligible.237

When PMS and light were applied without the pres-238

ence of a photocatalyst, the removal of TC was rela-239

tively low, with less than 20% of TC being eliminated.240

These results indicate that the effectiveness of visible241

light and PMS alone in removing TC is limited. How-242

ever, upon the introduction of a photocatalyst in the243

presence of 0.3 mM PMS, a significant increase in the244

degradation of TC under visible light was observed.245

In particular, the transformation of 2D nanosheets246

into 1D nanotubes has proven to be advantageous247

for TC degradation. The 1DGCN nanotubes exhib-248

ited a significantly greater TC degradation efficiency,249

reaching 82%, than did the 2DGCN sample, which 250

achieved 55% degradation. Remarkably, 1DBCN ex- 251

hibited an enhancedTC removal efficiency of 99%, in- 252

dicating that light irradiation-assisted PMS activation 253

can efficiently promote TC oxidization. 254

To further evaluate the reaction kinetics, the rate con- 255

stant (k) values were calculated using the pseudo- 256

first-order kinetics model, as represented by Equation 257

(1): 258

− ln
(

C
C0

)
= kt (1)

In this equation, C0 represents the initial TC concen- 259

tration, C represents the TC concentration at a spe- 260

cific time, and k denotes the apparent first-order rate 261

constant. For 1DBCN, the calculated rate constant 262

(k) is 0.078 min-1, indicating a photodegradation rate 263

approximately 1.56 times faster than that of 1DGCN 264

(k = 0.05 min-1) and approximately 2.8 times faster 265

than that of pristine 2DGCN (k = 0.027 min-1). This 266

comparison highlights the superior performance of 267

1DBCN in terms of its degradation rate of TC. 268
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Figure 4: (a) Comparison of the TC degradation performances of 2DGCN, 1DGCN, and 1DBCN and (b) influence
of the PMS concentration. The conditions (CTC = 10 ppm, Ccat. = 0.5 g/L, CPMS = 0.3 mM, pH=7) (b) TC removal at
different PMS concentrations over 1DBCN.

A further investigation was conducted to examine the269

impact of initial PMS concentration on TC degra-270

dation (Figure 4b). The results revealed that within271

a 30-minute timeframe, TC removal ratios of 17%,272

80%, and 99% were achieved with PMS concentra-273

tions ranging from 0.1 mM to 0.3 mM. The 0.3 mM274

PMS concentration rate constant was determined to275

be 0.078 min−1, which is greater than the rate con-276

stant for 0.2 mMPMS (0.026min−1)and significantly277

greater than the rate constant for 0.1 mM PMS (0.007278

min−1). As a result, the study revealed that increas-279

ing the PMS concentration significantly increased280

the photodegradation efficiency since higher con-281

centrations of PMS generate reactive oxygen species282

(ROS), accelerating degradation. To gain a deeper283

understanding of the mechanism behind PMS activa-284

tion assisted by boron-doped GCN nanotubes, radi-285

cal quenching tests were performed. Tert-butanol (t-286

BuOH), p-benzoquinone (p-BQ), sodium azide (SA)287

and ammonium oxalate (AO)were used as scavengers288

to quench hydroxyl radicals (•OH), sulfate (SO4
•−)289

superoxide anions (O2
•−), singlet oxygen (1O2) and290

holes (h+), respectively12. As shown in Figure 5a,291

AO, p-BQ, and SA significantly reduced TC degra-292

dation, while t-BuOH had a negligible effect. To293

gain further insight into the generation of these re-294

active species in the investigated systems, EPR spec-295

troscopy was employed. The absence of peaks corre-296

sponding to these reactive species in the absence of297

light and PMS indicates that the activation of PMS298

solely by 1DBCN is insufficient to produce these re-299

active species. However, four triplet signal peaks cor-300

responding to TEMP-1O2 (Figure 5b), four DMPO-301

O2
•−signal peaks (Figure 5c), and seven signal peaks 302

associated with the transformation of DMPO to DM- 303

POX were detected (Figure 5d). 304

A series of catalytic experiments were conducted un- 305

der identical reaction conditions to evaluate the recy- 306

clability of 1DBCN. Figure 6a shows that the degra- 307

dation efficiency was consistently 82% throughout the 308

experiment, even after five consecutive cycles. Addi- 309

tionally, a series of experiments, depicted in Figure 6b, 310

were performed to assess the catalytic effectiveness of 311

1DBCN for different pharmaceutical compounds, in- 312

cluding SMX and CIP. The results demonstrated that 313

the degradation of all the compoundswas successfully 314

achieved within a 30-minute timeframe. In conclu- 315

sion, these findings highlight the promising potential 316

of the 1DBCN catalyst as a versatile agent for the ox- 317

idative degradation of diverse pharmaceutical com- 318

pounds. 319

DISCUSSION 320

A tubular structure forms as a result of the high pro- 321

portion of urea in the 1:10 mass ratio being con- 322

verted into cyanuric acid, which forms a strong 323

hydrogen bond with melamine molecules, result- 324

ing in supramolecular melamine-cyanuric acid struc- 325

tures13. Consequently, melamine and cyanuric acid 326

are arranged in an orderly and regular manner, giv- 327

ing rise to a more uniform and symmetrical 1D tube- 328

like shape upon calcination at 600◦C. X-ray diffrac- 329

tion (XRD) analysis revealed two sharp peaks corre- 330

sponding to the (100) and (002) planes, characteris- 331

tic of the in-plane repeated tri-s-triazine units and in- 332

terlayer stacking of conjugated aromatic systems, re- 333

6
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Figure 5: (a) Removal of TC with light-assisted PMS activation over 1DBCN in the presence of various scavengers.
TC removal ratios after 30 min in the 1DBCN system with various scavengers. The conditions (CTC = 10 ppm, Ccat.

= 0.5 g/L, CPMS = 0.3 mM, pH=7), EPR patterns of (b) TEMPO -1O2 , (c) DMPO O2
•− and (d) DMPOX.

Figure 6: (a) Reusability of catalysts over five consecutive cycles of TC and (b) versatility of the 1DBCN catalyst with
SMX and CIP.
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spectively, in the GCN structure14. The peak corre-334

sponding to the (100) and (002) crystal planes in the335

1DBCN sample does not exhibit any shift in angle or336

reduction in intensity. This indicates that the addition337

of boron (B) does not cause any significant changes338

to the lattice structure of GCN, likely due to the rela-339

tively low concentration of B present. Moreover, com-340

paring the FT-IR spectra of the bulk GCN and the341

boron-doped GCN nanotubes showed no significant342

differences, suggesting that their chemical structures343

are identical 8. This implies that the incorporation of344

boron dopants did not alter the fundamental chemi-345

cal composition or bonding configuration of theGCN346

framework11.347

In addition to the structural aspects, surface areamea-348

surements provide further insights. The specific sur-349

face area of 1DBCN is approximately 1.4 times larger350

than that of 1DGCN and 2.3 times larger than that of351

2DGCN.This is consistent with the fact that 1DGCN,352

with its distinct hollow structure, possesses a larger353

pore volume and specific surface area than 2DGCN.354

The presence of this rich hollow structure in 1DGCN355

contributes to its rich pore structure and high spe-356

cific surface area. Furthermore, the specific surface357

area and average pore size of 1DBCN slightly increase,358

which can be attributed to the presence of boron.359

Boron facilitates the formation of a smoother surface360

and a tubular structure, consistent with previous re-361

search findings15.362

The incorporation of boron in 1DBCN has significant363

implications for its photocatalytic properties. The364

presence of boron-containing functional groups plays365

a crucial role in trapping exciton dissociation, thereby366

reducing electron-hole recombination. The boron-367

containing functional groups hinder exciton disso-368

ciation, reducing the recombination of electron-hole369

pairs. Moreover, the presence of boron facilitates the370

extraction of electrons from the π-conjugated struc-371

ture due to the vacant 2pz orbital, which can sig-372

nificantly contribute to the improved photogener-373

ated charge separation efficiency. Additionally, the374

B dopant can simultaneously reduce the bandgap to375

enhance light absorption, which is favorable for the376

activation of PMS and promotes electron transport,377

boosting the photocatalytic reaction16.378

To understand the mechanism behind the photocat-379

alytic degradation process, radical quenching tests380

and electron paramagnetic resonance (EPR) spec-381

troscopy were conducted. These experiments con-382

firmed that h+, O2
•− and1O2 are the most reactive383

and are responsible for the majority, while SO4
•− and384

•OH contribute little to the photocatalytic degrada-385

tion ofTCover 1DBCN.Theproposed reactionmech-386

anism involves two steps: direct photoexcitation of387

1DBCN to produce H+ andO2
•− and subsequent ac- 388

tivation of PMS to generate SO4
•− and •OH and1O2. 389

This synergistic system between the photocatalyst and 390

PMS enables the efficient transfer of photogenerated 391

electrons, facilitating the decomposition of organic 392

molecules into smaller molecules. 393

According to these findings, possible reaction mech- 394

anisms in the PMS-photocatalysis synergistic system 395

were proposed (Scheme 2). Upon exposure to light, 396

photogenerated electrons (e−) and h+ were gener- 397

ated. The photoexcited e− in the conduction band 398

(CB) of 1DBCN reacts with O2 to produce superox- 399

ide anions (O2
•−) (O2 → O2

•−, EH = -0.33 eV vs. 400

NHE)17. Simultaneously, with the addition of PMS to 401

the system, e− can reduce PMS, leading to the forma- 402

tion of sulfate radicals (SO4
•−), while holes (h+) can 403

react with HSO5
− to form SO5

•− (Equations (3) and 404

(4)). The formation of singlet oxygen (1O2) can oc- 405

cur throughmultiple steps involving SO5
− orO2

•− in 406

several steps (Equations (5), (6), and (7)) 18. Finally, 407

h+, •OH, SO4
−, O2

•−, and 1O2 contribute to the ef- 408

ficient degradation of TC. 409

Photocatalysts + hν → h+ + e−(1) 410

e− + O2 → O2
•− (2) 411

HSO5
− + e− → SO4

•−+OH− (3) 412

HSO5
−+ h+ → SO5

•−+OH− (4) 413

2SO5
•−→ 2SO4

•−+ 1O2 (5) 414

SO4
•− + OH− → SO4

2− + •OH (6) 415

•O2
− + 2H2O→ 1O2 + H2O2 + 2H+(7) 416

Consequently, the presence of O2
•−, •OH, h+ ,1O2, 417

and SO4
•− can efficiently decompose TC in the pho- 418

tocatalytic process. 419

To assess and compare the effectiveness of our re- 420

search findings with those of other studies, Table 1 421

has been compiled to present the efficiency of various 422

photocatalysts in degrading specific pollutants under 423

different experimental conditions. 424

Overall, Table 1 shows the effectiveness of various 425

photocatalysts in degrading different pollutants. This 426

highlights the superior performance of the synthe- 427

sized 1DBCN photocatalyst in terms of pollutant 428

degradation efficiency within the given time frame. 429

Moreover, this evaluation offers valuable insights into 430

the recyclability and versatility of the 1DBCN catalyst. 431

This study emphasizes the effectiveness and durability 432

of the catalyst, further highlighting its efficiency in the 433

oxidative degradation of diverse pharmaceutical com- 434

pounds. The remarkable catalytic activity exhibited by 435

the 1DBCN catalyst positions it as a highly promising 436

candidate for various applications in the field. These 437

findings underscore the potential of the 1DBCN cata- 438

lyst as a versatile and efficient tool for addressing en- 439

vironmental and pharmaceutical challenges. 440
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Scheme 2: The possible mechanism for TC photodegradation over 1DBCN for PMS activation under
visible light irradiation

Table 1: Efficiency of different photocatalysts in degrading specific pollutants under varying conditions

Photocatalyst [Catalyst]

(g/L)

[PMS] Pollutant
conc.
(mg/L)

Efficiency
(%)

Time
(min)

Light Ref.

Se-g-C3N4 0.2 0.4 g/L SMX =10 93.0 180 - 19

g-
C3N4@NPC

0.08 0.1 g/L RhB = 100 96.7 20 - 20

OCN/Py 0.16 0.5 mM TC = 10 97.37 60 350 W 14

1DBCN 0.5 0.3 mM TC = 10 99.0% 30 400 W This study

CONCLUSIONS441

In this study, B-doped GCN nanotubes were pre-442

pared by calcining a mixture of melamine, urea, and443

boric acid in an air atmosphere at high temperatures.444

The interaction between PMS and B-doped GCN445

nanotubes leads to the formation of reactive oxygen446

species, which efficiently catalyze the photocatalytic447

degradation of TC, resulting in a high removal effi-448

ciency. B-doped GCN nanotubes exhibited superior449

photocatalytic activity to that of pristine GCN nan-450

otubes. In the presence of PMS and photocatalyst, the451

system generates abundant reactive species, includ-452

ing O2
•−, •OH, h+, 1O2, and SO4

•−, for improved453

photocatalytic activity. The removal efficiency of TC454

can reach 99%. Moreover, the concentration of PMS455

also affects the photodegradation rate, with the high-456

est photodegradation rates observed in solutions with457

higher PMS concentrations. This study suggested that458

B-doped GCN nanotubes could be promising candi- 459

dates for efficiently removing organic pollutants from 460

wastewater. 461
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