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ABSTRACT 

Multifunctional Photocatalysts: Considerations on Efficiency, Catalyst 

Recovery, and Stability for Water Treatment and Secondary Effluent 

Polishing  

by 

Danning Zhang 

Photocatalytic water treatment has been the subject of extensive research over the 

last three decades. However, at striking odds with the abundance of literature reports, 

there is extremely low number of systems currently using photocatalysis for water 

treatment in field, and no single municipal utility uses photocatalytic treatment to date. 

This dissertation contributes to identifying technological roadblocks in this field 

preventing transfer of research to practice, and provides potential approaches to address 

these challenges. 

Micron-sized titanium dioxide hierarchical spheres (TiO2-HS) were assembled 

from nanosheets to address two common limitations of photocatalytic water treatment: 

(1) inefficiency associated with scavenging of oxidation capacity by non-target water 

constituents, and (2) energy-intensive separation and recovery of the photocatalyst slurry. 

These micrometer-sized spheres are amenable to low-energy separation, and over 99 % 

were recaptured from both batch and continuous flow reactors using microfiltration. 

Using nanosheets as building blocks resulted in a large specific surface area—three times 

larger than that of commercially available TiO2 powder (Evonik P25). Anchoring food-

grade cyclodextrin onto TiO2-HS (i.e., CD-TiO2-HS) provided hydrophobic cavities to 



 

 

entrap organic contaminants for more effective utilization of photo-generated reactive 

oxygen species. CD-TiO2-HS removed over 99% of various contaminants with dissimilar 

hydrophobicity (i.e., bisphenol A, bisphenol S, 2-naphthol and 2,4-dichlorophenol) 

within 2 h under a low intensity UVA input (3.64×10-6 Einstein/L/s). As with other 

catalyst (including TiO2 slurry), periodic replacement or replenishment would be needed 

to maintain high treatment efficiency (e.g., we demonstrate full reactivation through 

simple re-anchoring of CD). Alternatively, the durability of the coating can be improved 

as follows.  

Considering that CD-TiO2-HS particles had limited durability as the CD coatings 

are susceptible to ROS attack. We developed an ROS-resistant fluorinated CD polymer 

(CDP) that can both adsorb contaminants and resist degradation by ROS, yielding a more 

efficient material for “trap and zap” water treatment. We produced the CDP through 

crosslinking β-cyclodextrin with tetrafluoroterephthalonitrile and optimized the thickness 

of the coating on TiO2 microspheres to improve the efficiency of contaminant 

degradation. Specifically, increasing the CDP content can enhance BPA adsorption but 

can also occlude photocatalytic sites and hinder photocatalytic degradation. CDP-TiO2 

exhibited minimal photoactivity loss after 1,000 h of repeated use in DI water under 

UVA irradiation, and no release of organic carbon from the coating was detected. 

Photocatalytic treatment using CDP-TiO2 only showed a small decrease in BPA removal 

efficiency in secondary effluent after four 3-h cycles, from 80.2% to 71.7%. In contrast, 

CD-TiO2 and P25 removed only 29.8% and 6.2% of BPA after 4 cycles, respectively. 

Altogether, the CDP-TiO2 microspheres presented represent promising materials for 

potential use in photocatalytic water treatment. 



 

 

Besides emerging contaminants, there is also a growing need to mitigate the 

discharge of antibiotic resistance genes (ARGs) from municipal wastewater treatment 

systems. Here, molecular-imprinted graphitic carbon nitride (MIP-C3N4) were 

synthesized for selective photocatalytic degradation of a plasmid-encoded ARG (blaNDM-

1, coding for multidrug resistance New Delhi metallo-beta-lactamase) in secondary 

effluent. Molecular imprinting with guanine enhanced ARG adsorption, which improved 

utilization of photogenerated oxidizing species to degrade blaNDM-1 rather than being 

scavenged by background non-target constituents. Consequently, photocatalytic removal 

of blaNDM-1 in secondary effluent with MIP-C3N4 (k = 0.111 ± 0.028 min-1) was 37 times 

faster than with bare C3N4 (k = 0.003 ± 0.001 min-1) under UVA irradiation. MIP-C3N4 

can efficiently catalyzed the fragmentation of blaNDM-1, which decreased the potential for 

ARG repair by transformed bacteria. 

Overall, micron-sized photocatalysts assembled from nanosheets preserve the 

photoactivity, and enable low-energy separation of photocatalysts after treatment for 

reuse. This curtails the energy requirement in slurry reactors using nano-sized 

photocatalysts. The “trap and zap” strategy can mitigate the scavenging effect from 

background constituents in realistic water matrices and secondary effluent, enhance the 

photocatalysis efficiency, and endow photocatalyst with selective treatment capacity 

towards target contaminants. Polymerization and crosslinking with fluorinated monomers 

can significantly improve the catalyst durability, which allows for resilient applications in 

a repeated use scenario. 

 



 

 

Acknowledgments 

I would like to express my sincere gratitude to my advisor, Dr. Pedro Alvarez, for 

his unconditional trust, unwavering support, and meticulous care during my time at Rice. 

I could not have imagined having a better advisor and mentor for my Ph.D. study. My 

special thanks go to Dr. Rafael, Dr. Qilin Li, and Dr. Pingfeng Yu, who have been always 

generous with sharing their expertise, experience, and wisdom in research and beyond. 

Their insightful comments and encouragement incented me to widen my research from 

various perspectives.  

Many thanks are due to my research collaborators Dr. Hassan Javed, Dr. Qingbin 

Yuan, Dr. Esmeralda García-Díaz, Dr. Changgu Lee, Dr. Yilin Li, and Ruonan Sun, who 

have contributed lots of time, effort, and wisdom on this study. Without their precious 

supports it would not be possible to complete this research so smoothly. In addition, I am 

also grateful to other faculty members, visiting scholars and graduate students in the 

program of Environmental Engineering at and beyond Rice who gave me timely guidance 

and enlightening instruction.  

Ultimately this is for my family, I thank my parents and my wife Yuanyuan Shi 

who have always supported and loved me. Thank you for making me laugh during the 

hard times and for sharing in my excitement during the good times.  

This work was funded by the NSF ERC on Nanotechnology-Enabled Water 

Treatment. 

  



vi 

 

Based on this research, the following papers are published/submitted: 

Published: 

Zhang, D.; Lee, C.; Javed, H.; Yu, P.; Kim, J.-H.; Alvarez, P. J., Easily recoverable, 

micrometer-sized TiO2 hierarchical spheres decorated with cyclodextrin for enhanced 

photocatalytic degradation of organic micropollutants. Environ. Sci. & Technol. 2018, 

52, (21), 12402-12411. 

Yuan, Q.*; Zhang, D.*; Yu, P.; Sun, R.; Javed, H.; Wu, G.; Alvarez, P. J., Selective 

Adsorption and Photocatalytic Degradation of Extracellular Antibiotic Resistance Genes 

by Molecular-Imprinted Graphitic Carbon Nitride. Environ. Sci. & Technol. 2020. (* 

contributed equally as first author) 

Submitted: 

García-Díaz, E.*; Zhang, D.*; Li, Y.; Verduzco, R.; Alvarez, P. J., TiO2 microspheres 

with Crosslinked Cyclodextrin Coating Exhibit Improved Stability and Sustained 

Photocatalytic Degradation of Bisphenol A in Secondary Effluent. Water Res. (* 

contributed equally as first author)  

In addition, during my studies at Rice, I contributed to the following papers not included 

in this dissertation: 

•  Javed, H.; Lyu, C.; Sun, R.; Zhang, D.; Alvarez, P. J., Discerning the inefficacy of 

hydroxyl radicals during perfluorooctanoic acid degradation. Chemosphere 2020, 

125883. 

• Yu, P.; Wang, Z.; Marcos-Hernandez, M.; Zuo, P.; Zhang, D.; Powell, C.; Pan, A. 

Y.; Villagrán, D.; Wong, M. S.; Alvarez, P. J., Bottom-up biofilm eradication using 

bacteriophage-loaded magnetic nanocomposites: a computational and experimental 

study. Environ. Sci.: Nano 2019, 6, (12), 3539-3550. 

• Javed, H.; Luong, D. X.; Lee, C.-G.; Zhang, D.; Tour, J. M.; Alvarez, P. J., 

Efficient removal of bisphenol-A by ultra-high surface area porous activated carbon 

derived from asphalt. Carbon 2018, 140, 441-448. 

• Lee, C.-G.; Javed, H.; Zhang, D.; Kim, J.-H.; Westerhoff, P.; Li, Q.; Alvarez, P. J., 

Porous electrospun fibers embedding TiO2 for adsorption and photocatalytic 

degradation of water pollutants. Environ. Sci. Technol. 2018, 52, (7), 4285-4293. 

• Yang, Y.; Javed, H.; Zhang, D.; Li, D.; Kamath, R.; McVey, K.; Sra, K.; Alvarez, 

P. J., Merits and limitations of TiO2-based photocatalytic pretreatment of soils 

impacted by crude oil for expediting bioremediation. Front. Chem. Sci. Eng. 2017, 

11, (3), 387-394. 



 

 

Contents 

Acknowledgments ............................................................................................................. v 

Contents ........................................................................................................................... vii 

List of Figures .................................................................................................................... x 

List of Tables .................................................................................................................. xiv 

List of Equations ............................................................................................................ xvi 

Nomenclature ................................................................................................................ xvii 

Introduction and Objectives ............................................................................................ 1 

1.1. Problem statement ..................................................................................................... 1 

1.2. Objectives, hypothesis and significance ................................................................... 1 

1.3. Dissertation Organization ......................................................................................... 5 

Literature review .............................................................................................................. 6 

2.1 Pressing need for advanced water treatment technologies ................................ 6 

2.1.1 Emerging contaminants (ECs) ...................................................................... 7 

2.1.2 Antibiotic resistance ....................................................................................... 9 

2.2 Fundamentals and current status of photocatalytic water treatment ............. 12 

2.2.1 Fundamentals of photocatalytic water treatment...................................... 13 

2.2.2 Current status of photocatalytic water treatment ..................................... 15 

2.3 Technical barriers preventing transfer of research to practice ....................... 24 

2.3.1 Inhibitory effect of background constituents in realistic wastewater. ..... 25 

2.3.2 High energy cost for catalyst recovery. ...................................................... 29 

2.3.3 Stability considerations. ............................................................................... 31 

2.4 Approach towards success in water treatment practice ................................... 33 

2.4.1 The “trap and zap” strategy ........................................................................ 33 

2.4.2 Easily-recoverable photocatalyst................................................................. 36 

Easily-recoverable, micron-sized TiO2 hierarchical spheres decorated with 

cyclodextrin ..................................................................................................................... 39 

3.1 INTRODUCTION ................................................................................................ 40 

3.2 MATERIALS AND METHODS ........................................................................ 43 



viii 

 

3.3 RESULTS AND DISCUSSION .......................................................................... 49 

3.3.1 Size controlled synthesis of cyclodextrin-anchored TiO2 hierarchical 

sphere. 49 

3.3.2 Improved photocatalytic treatment by TiO2-HS through CD anchoring.

 53 

3.3.3 Low-energy photocatalyst recovery via microfiltration............................ 61 

3.3.4 Stability considerations. ............................................................................... 65 

Improved Stability and Sustained Photoactivity from Crosslinked Cyclodextrin 

Coated TiO2 Microspheres ............................................................................................. 71 

4.1 INTRODCUTION ................................................................................................ 72 

4.2 MATERIALS AND METHODS ........................................................................ 74 

4.3 RESULTS AND DISCUSSION .......................................................................... 79 

4.3.1 Preparation of cross-linked, fluorinated cyclodextrin polymer coating 

with resistance to ROS oxidation. .............................................................................. 79 

4.3.2 Improved BPA adsorption capacity after CDP anchoring relative to bare 

and cyclodextrin-coated TiO2 microspheres. ............................................................ 82 

4.3.3 Enhanced photocatalytic degradation of BPA after CDP coating relative 

to bare and cyclodextrin-coated TiO2 microspheres. ............................................... 84 

4.3.4 Stability considerations. ............................................................................... 90 

4.4 CONCLUSIONS .................................................................................................. 92 

Selective Adsorption and Photocatalytic Degradation of Extracellular Antibiotic 

Resistance Genes by Molecular-Imprinted Graphitic Carbon Nitride ..................... 93 

5.1 INTRODUCTION ................................................................................................ 94 

5.2 MATERIALS AND METHODS ........................................................................ 97 

5.3 RESULTS AND DISCUSSION ........................................................................ 105 

5.3.1 Synthesis of guanine imprinted graphitic C3N4. ...................................... 105 

5.3.2 ARGs removal by MIP-C3N4 resists interference by background 

compounds in secondary effluent that scavenge ROS. .......................................... 112 

5.3.3 Photogenerated h+ plays a key role during ARGs “trap and zap” 

degradation by MIP-C3N4......................................................................................... 117 

5.3.4 Extensive fragmentation by MIP-C3N4 inactivates ARGs more effectively.

 119 

Summary and Conclusions........................................................................................... 124 



ix 

 

6.1 Summary and Conclusions ................................................................................ 124 

6.2 Significance and Implications ........................................................................... 127 

6.3 Suggestions for Future Research ...................................................................... 128 

6.3.1 Improve the stability and selectivity of molecular imprinted 

photocatalyst. ............................................................................................................. 128 

6.3.2 Create versatile and quantifiable criteria for assessing the performance 

of photocatalytic water treatment technology ........................................................ 129 

6.3.3 Reactor design ............................................................................................. 130 

References ...................................................................................................................... 131 

 

 



 

 

List of Figures 

Figure 1.1. Common limitatioations in typical photocatalytic water treatment 

process in a slurry reactor. ............................................................................................... 3 

Figure 2.1. Golbal occurence of PPCPs in tap waters, groundwater, and surface 

waters. ................................................................................................................................ 8 

Figure 2.2. Generation of ROS through energy- and electron-transfer reactions. ... 12 

Figure 2.3. Schematic diagram illustration of typical photocatalysis process........... 14 

Figure 2.4. Mechanism of the bandgap change from doping. ..................................... 16 

Figure 2.5. Publications treands in photocatalytic water treatment research. ......... 25 

Figure 3.1. Picture and schematic diagram of customer-designed photoreactor (a, b) 

and modular continueous flow reactor (c, d)................................................................ 46 

Figure 3.2. Spectrum of UVA lamps for photocatalytic reaction. .............................. 47 

Figure 3.3. Two-step synthesis of CD-TiO2-HS. Fabrication of TiO2-HS through 

one-pot hydrothermal reaction followed by surface anchoring of CD. ..................... 49 

Figure 3.4. SEM images of TiO2 hierarchical sphere (TiO2-HS) after different 

reaction time (2, 6, 12 and 24 hours). ............................................................................ 50 

Figure 3.5. SEM and TEM images of CD-TiO2-HS. .................................................... 51 

Figure 3.6. Characterizations of TiO2-HS and CD-TiO2-HS. ..................................... 53 

Figure 3.7. Photocatalytic degradation of BPA enhanced by cyclodextrin coating. . 54 

Figure 3.8. BPA photodegradation in the presence of different oxidizing species. ... 55 

Figure 3.9. Cyclodextrin coating enhanced BPA sorption by TiO2-HS. .................... 56 

Figure 3.10. BPA adsorption (under dark conditions) modeled by pseudo second 

order model...................................................................................................................... 57 

Figure 3.11. Photocatalytic degradation of contaminants enhanced by CD coating. 59 

Figure 3.12. Photocatalytic degradation of a mixture of contaminants ((a) BPA (b) 

BPS, (c) 2-naphthol) and (d) 2,4-DCP) enhanced by cyclodextrin coating................ 60 

file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392144
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392144
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392145
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392145
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392146
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392147
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392148
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392150
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392150
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392151
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392152
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392152
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392153
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392153
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392154
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392155
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392156
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392157
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392158
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392159
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392159
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392160
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392161
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392161


xi 

 

Figure 3.13. Removal of BPA by CD-TiO2-HS or P25 with 3 h irradiation cycles. .. 61 

Figure 3.14. CD-TiO2-HS is much easier to recover than suspended P25 powder 

using filter paper with various pore sizes, ranging from 6 to 25 µm. ........................ 62 

Figure 3.15. Pore-blockage and cake filtration modeling ........................................... 63 

Figure 3.16. Gravity separation (i,e., settling) of CD-TiO2-HS after and P25 .......... 64 

Figure 3.17. CD-TiO2-HS retained by microfiltration. Mt represents the total mass 

of CD-TiO2-HS after ten numbers of cycles. ................................................................ 64 

Figure 3.18. Reusability and stable activity of CD-TiO2-HS after repeated 

photocatalytic degradation of BPA in DI water. .......................................................... 67 

Figure 3.19. XPS spectra of C1s region for CD-TiO2-HS after exposure to UVA for 

(a) 0 h, (b) 100 h, (c) 300 h and (d) 500 h. ..................................................................... 68 

Figure 3.20. Carbon content loss of CD-TiO2-HS during long-term exposure to 

UVA. ................................................................................................................................. 69 

Figure 3.21. Photocatalytic degradation of BPA with fresh CD-TiO2-HS or 

regenerated CD-TiO2-HS (with re-anchored CD). ...................................................... 70 

Figure 4.1. Characterization of CDP-TiO2, CDP, and bare TiO2 microspheres. ...... 80 

Figure 4.2. Nitrogen adsorption/desorption isotherm of CDP, bare TiO2 

microspheres and CDP-TiO2 with different amount of CDP coating. ....................... 81 

Figure 4.3. CDP coating improved both the adsorption rate and capacity. .............. 83 

Figure 4.4. Comparison of fittings using pseudo-first order or pseudo-second order 

adsorption model. ............................................................................................................ 83 

Figure 4.5. Photocatalytic degradation of BPA with different catalysts in DI water. 

Lines represent first-order decay model fit. ................................................................. 85 

Figure 4.6. CDP-TiO2 outcompeted CD-TiO2 and P25 during photocatalytic 

degradation of BPA in a secondary effluent context monitored over 4 cycles. ......... 87 

Figure 4.7. Influence of CDP content on BPA removal. .............................................. 88 

Figure 4.8. Fluorescence observed during the UVA irradiation of 20 mg of CDP in 

40 mL of water. ............................................................................................................... 88 

file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392162
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392163
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392163
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392164
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392165
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392166
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392166
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392167
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392167
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392168
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392168
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392169
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392169
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392170
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392170
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392171
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392172
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392172
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392173
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392174
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392174
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392175
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392175
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392176
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392176
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392177
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392178
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392178


xii 

 

Figure 4.9. Byproducts HPLC-MS spectrum and peak aree. ..................................... 90 

Figure 4.10. Stability of CDP(5%)-TiO2 after continuous usage up to 1000 h under 

the irradiation at λ=365 nm and 3.83x10-6 Einstein/L/s. ............................................. 91 

Figure 5.1.Schematic diagram of three-step fabrication of MIP-C3N4. ..................... 99 

Figure 5.2. Circular map of plasmid pET-29a(+)::blaNDM-1. ..................................... 101 

Figure 5.3. Characterization of MIP-C3N4. ................................................................ 106 

Figure 5.4. The morphology and thickness of C3N4 and MIP-C3N4 under AFM.... 107 

Figure 5.5. XRD pattern of graphite-like carbon nitride (C3N4) and carboxylic 

carbon nitride (C3N4-COOH) ...................................................................................... 108 

Figure 5.6. Raman spectrum of C3N4, MIP-C3N4 and NIP-C3N4. ............................ 109 

Figure 5.7. The UV-VIS DRS spectra of bare C3N4, MIP-C3N4 and NIP-C3N4. ..... 109 

Figure 5.8. FTIR spectra of guanine imprinted MIP-C3N4 with different MIP 

contents (18.6%, 24.7% and 30.2%) and after 10 reuse cycles. ............................... 110 

Figure 5.9 XPS spectra of carbon nitride with vinyl groups (C3N4-CH=CH2)........ 111 

Figure 5.10. Influence of surface coating (molecular imprinted polymer) on blaNDM-1 

adsorption and photocatalytic degradation in DI water. .......................................... 111 

Figure 5.11. Molecular imprinting of guanine on C3N4 enhances photocatalytic ARG 

degradation in the presence of various common organic compounds ..................... 113 

Figure 5.12. Lack of ARG removal in DI water by MIP-C3N4 without UVA 

irradiation (after its ARG adsorption sites had been saturated), or by photolysis 

with UVA irradiation alone.......................................................................................... 114 

Figure 5.13. Adsorption isotherm (a, b) and kinetics (c) of blaNDM-1 by MIP-C3N4 or 

NIP –C3N4 in DI water. ................................................................................................. 115 

Figure 5.14. Photocatalytic degradation (a) and adsorption removal (b) of 

oligonucleotides with different guanine contents by MIP-C3N4, C3N4, and P25. . 116 

Figure 5.15. Importance of different reactive species in blaNDM-1 removal by (a) MIP-

C3N4 or (b) NIP-C3N4, reflected by the photocatalytic inhibition level. ................... 118 

file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392179
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392180
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392180
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392181
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392182
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392183
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392184
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392185
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392185
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392186
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392187
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392188
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392188
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392189
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392190
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392190
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392191
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392191
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392192
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392192
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392192
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392193
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392193
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392194
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392194
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392195
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392195


xiii 

 

Figure 5.16. ESR spectra of MIP-C3N4 (a) and NIP-C3N4 (b) before and after spiked 

with •OH scavenger (IPA). ........................................................................................... 118 

Figure 5.17. Fragmentation of blaNDM-1 during photocatalysis by MIP-C3N4. ........ 120 

Figure 5.18. The melting curve of blaNDM-1 sample treated by adsorption and 

photocatalytic reaction. ................................................................................................ 121 

Figure 5.19. The UV-Vis spectrum of blaNDM-1 sample treated by MIP-C3N4 

photocatalytic reaction at different times. .................................................................. 121 

Figure 5.20. Reusability of MIP-C3N4 and P25 TiO2 in secondary effluent. ........... 122 

Figure 5.21. SEM images of MIP-C3N4 after 10 cycles of reuse in secondary effluent.

......................................................................................................................................... 122 

 

file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392196
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392196
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392197
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392198
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392198
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392199
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392199
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392200
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392201
file:///C:/Users/danni/OneDrive/桌面/Final%20thesis%200328.docx%23_Toc36392201


 

 

List of Tables 

Table 3.1. Analysis method and detection limit of contaminants using high-

performance liquid chromatography (HPLC) ............................................................. 47 

Table 3.2. Average particle size CD-TiO2-HS and P25 in DI water or secondary 

effluent characterized with dynamic light scattering (DLS). ...................................... 52 

Table 3.3. Specific surface aree of different catalyst. .................................................. 52 

Table 3.4. First-order rate constant (k) of BPA removal with different catalysts .... 54 

Table 3.5. First-oreder rate constant (k) of different contaminants removal with 

TiO2-HS (kTi) or CD-TiO2-HS (kCD-Ti) .......................................................................... 57 

Table 3.6. Water quality data of the secondary effluent from a wastewater treatment 

plant in Houston, TX (i.e., West University Place WWTP). ....................................... 59 

Table 3.7 Elemental and chemical bonds composition of CD-TiO2-HS after different 

exposure time. .................................................................................................................. 69 

Table 3.8. Mass change of CD-TiO2-HS before and after “rejuvenation” process... 70 

Table 4.1. Textural parameters measured by nitrogen adsorption at −196 °C. ....... 81 

Table 4.2. Parameters from the pseudo-second order adsorption model fit to the 

adsorption kinetics data. ................................................................................................ 84 

Table 4.3. Parameters used to model adsorption isotherms for CD-TiO2 and CDP-

TiO2 particles. .................................................................................................................. 84 

Table 4.4. First-order rate constant for BPA removal by different catalysts in DI 

water. ................................................................................................................................ 85 

Table 4.5. Average particle size CDP-TiO2 and P25 in DI water or secondary 

effluent characterized with dynamic light scattering (DLS). ...................................... 86 

Table 4.6. Hydroxylated by-products formed during photocatalysis identified by 

HPLC-MS. ....................................................................................................................... 89 

Table 5.1. Water quality data of the secondary effluent from a wastewater treatment 

plant in Houston, TX (i.e., West University Place WWTP). ..................................... 101 



xv 

 

Table 5.2. Specific surface area of different catalysts. ............................................... 109 

Table 5.3. Chemical bonds composition of MIP-C3N4 pretreated with different 

oxidation time and their photoactivity in removing blaNDM-1. ................................... 110 

Table 5.4. First-order rate constant (k) of blaNDM-1 removal by MIP-C3N4 or NIP –

C3N4, C3N4 and TiO2 (Evonik P25) in different water matrices. .............................. 114 

Table 5.5. Total read count and average DNA length of blaNDM-1 sample after treated 

by MIP-C3N4 or NIP-C3N4 in DI water. ...................................................................... 120 

 



 

 

List of Equations 

Equation 2.1. Empirical equation for kEfOM-•OH calculation (170).............................. 27 

Equation 2.2 – •OH scavenging by Cl- and SO42-. ........................................................ 28 

Equation 4.1. Pseudo-second order iknetic adsorption model. ................................... 76 

Equation 4.2. Pseudo-second order iknetic adsorption model (Integrated). ............. 76 

 



 

 

Nomenclature 

PPCPs Pharmaceutical and Personal Care Products 

EDCs Endocrine Disrupters  

WHO World Health Organization 

NOM Natural Organic Matter 

SMP Soluble Microbiol Product 

ROS Reactive Oxygen Species 

CD Cyclodextrin  

CDP Cyclodextrin Polymer 

BPA Bisphenol A 

ARG Antibiotic Resistant Gene 

WWTP Wastewater Treatment Plant 

MIP Molecular Imprinted Polymer  

PFAS Per- and Polyfluoroalkyl Substances 

CECs Contaminants of Emerging Concern 

CDC Centers for Disease Control and Prevention 

AOPs Advanced Oxidation Processes  

C3N4 Carbon Nitride 

EfOM Effluent Organic Matter 

 



 

1 

 

Chapter 1 

Introduction and Objectives 

1.1. Problem statement 

Securing reliable access to clean and affordable water remains one of the major 

global challenges of this century (1). The severity of this challenge is exacerbated by 

widespread contamination of water resources by antibiotic resistant bacteria and 

contaminants of emerging concern, such as pharmaceutical and personal care products 

(PPCPs) (2, 3), pesticides (4), and other endocrine disruptors (EDCs) (5). In developed 

countries, existing wastewater infrastructures and conventional biotreatment technologies 

are reaching their limits in mitigating the aforementioned water pollutions to meet the 

increasingly stringent water quality legislation (1). Let alone, a considerable portion of 

the global population in developing areas has limited access to basic drinking-water 

service, where wastewater treatment and water supply systems are often nonexistent. In a 

recent report by World Health Organization (WHO), contaminated drinking water is 

estimated to cause 485 000 diarrheal deaths each year and one-half of the world’s 
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population will be living under water stress by 2025 (6). Therefore, there is an enormous 

impetus to develop technology that can retrofit aging infrastructure with enhanced 

treatment capability and/or enable a modular and decentralized treatment paradigm (e.g., 

point-of-use devices) requiring low energy input and maintenance. 

Photocatalytic water treatment has received growing attention in the literature 

because of its significant potential to disinfect and degrade a wide variety of recalcitrant 

organic pollutants (7, 8). In addition, photocatalytic water treatment offers other 

appealing advantages for applications in rural or resource-limited areas: (1) no need of 

continuous chemical addition (thus mitigating formation of harmful disinfection 

byproducts)(9), and (2) readily excited by low-energy light (i.e., UV-A or visible light) in 

nature or after photocatalytic material modification (10). Therefore, photocatalytic water 

treatment obviates the need of chemical transportation and storage which is cumbersome 

and costly. In addition, potential activation by low-energy light allows for potential solar-

driven application which eliminates the requirement for extra energy input (e.g., 

electricity for UV lamp operation) (11, 12). 

Undoubtedly, fundamental advances have been achieved in photocatalysis over 

last few decades. Despite substantial research and booming literature reports on varying 

photocatalysts, there is strikingly low number of systems currently using photocatalysis 

for water treatment in field (13), and no single municipal utility uses photocatalytic 

treatment to date. Therefore, fundamental obstacles need to be identified and addressed 
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for successful transfer from academic demonstration to industrial or municipal 

applications.  

(a). Inefficiency associated with ROS scavenged by background constituents (e.g., NOM, 

SMP, and carbonate) (14). (b). High energy cost for recapture nano-sized catalysts from 

treated effluent using ultrafiltration/nanofiltration (15). (c) Insufficient durability to 

sustain repeated use and attrition. 

A critical limitation inherent to photocatalytic water treatment is interference by 

background constituents (e.g., natural organic matter (NOM) and soluble microbiol 

product (SMP)) in realistic water context (Error! Reference source not found..1 a). On 

one hand, background constituents occlude the catalyst surface, hindering light 

penetration for successful activation and generation of oxidizing species (i.e., hydroxyl 

radical (•OH), singlet oxygen (1O2), superoxide (O2-), and photogenerated hole (h+)) (16). 

These interfering species may also adsorb onto the surface of photocatalysts and hinder 

contact between target contaminants and reactions sites. On the other hand, 

Figure 1.1. Common limitatioations in typical photocatalytic water treatment 

process in a slurry reactor. 
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photocatalytic processes generate and utilize reactive oxygen species (ROS) as dominant 

oxidizing species to degrade recalcitrant organics (17). However, in the presence of 

background constituents, photogenerated ROS is scavenged to a significant extent, 

causing loss of photocatalytic efficiency (18). Another common (cost-related) barrier is 

energy-intensive separation and recovery of the photocatalyst slurry (Error! Reference 

source not found..1 b) (19). In photocatalytic water treatment, separation and recovery 

of photocatalyst slurry may require more energy than the UV lamps used for 

photoexcitation (13). Photocatalysis is considered a “green” technology due to its 

capacity to convert light energy (sometimes even sunlight) into oxidizing species that 

degrade recalcitrant organic pollutants without the need to add treatment chemicals. 

However, there is a need for innovation in materials science and process engineering to 

overcome the aforementioned technical barriers ((i) inefficiency associated with 

scavenging of oxidation capacity by non-target water constituents, and (ii) energy-

intensive separation and recovery of the photocatalyst slurry.) and demonstrate durable, 

resilient performance under realistic conditions (Figure 1.1 c).  
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1.2. Objectives, hypothesis and significance 

The general goal of this research is to develop novel photocatalysts for advanced 

water treatment with subsequent assessment of their applicability and performance in 

practical water treatment systems. The research contributes to overcoming conventional 

application challenges such as inefficient utilization of photogenerated ROS, high cost for 

catalyst recovery, and insufficient durability for long-term usage, which would facilitate 

the application of photocatalysis in environmental engineering. Specifically, we seek to: 

(i) Develop micron-sized titanium dioxide hierarchical spheres coated 

with cyclodextrin and test performance in photocatalytic degradation 

of various pollutants with dissimilar hydrophobicity. 

Hypothesis: In contrast to previously reported TiO2 nanocomposite of 10 nm to 

submicron sizes, micron sized TiO2 can be recovered through microfiltration with low 

transmembrane pressure required. To offset the specific surface area loss from increasing 

the particle primary size, TiO2 nanosheets may be employed as the building blocks for 

particle assembly. Anchoring food-grade β-cyclodextrin onto TiO2 hierarchical sphere 

(i.e., CD-TiO2) provided hydrophobic cavities to entrap organic contaminants for more 

effective utilization of photocatalytically-generated ROS. β-cyclodextrin has a torus-

shaped molecular structure with a hydrophobic cavity packed by two hydrophilic 

surfaces. The internal cavity can trap hydrophobic molecules and form a host-guest 

complex which endows β-cyclodextrin with enhanced “trap and zap” performance to sorb 

and degrade moderately hydrophobic organic pollutants. Surface modification of TiO2 

with β-cyclodextrin facilitates concentrating target organic pollutants onto the particle 

surface. Therefore, the photogenerated reactive oxygen species (ROS) would have a 
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higher chance of attacking target pollutants rather than being scavenged by other 

constituents in bulk solution or consumed by self-decay. 

(ii) Develop ROS-resistant surface coating to improve the durability of 

photocatalyst, optimize the content of surface coating, assess the long-

term performance and benchmarked against commercial TiO2 

(Evonik P25) in a secondary effluent context.  

Hypothesis: One shortcoming of CD-TiO2 (possibly common to other organic surface 

coatings) may be limited durability associated with destruction by photogenerated ROS, 

which represents a major limitation for resilient application of this “trap and zap” 

approach. Fluorine containing polymers hold the promise to be chemically stable and 

relatively unreactive compared to their non-fluorinated counterparts. A potential strategy 

has been proposed to crosslink β-cyclodextrin with fluorine containing monomers (i.e., 

tetrafluoroterephthalonitrile) through condensation polymerization, yielding a ROS-

resistant cyclodextrin polymer (CDP). In addition, CDP retains the ability to provided 

hydrophobic cavities to entrap organic contaminants for more effective utilization of 

photo-generated ROS. The extent of CDP coating is expected to be an important 

optimization variable, since increasing the CDP content can enhance target contaminant 

“trapping” but can also occlude photocatalytic sites and hinder photocatalytic “zapping”. 

(iii) Apply molecular imprinting strategy to develop novel guanine-

imprinted carbon nitride (C3N4) based photocatalyst and demonstrate 

its effectiveness to remove antibiotic resistant genes (ARGs) in the 

presence of co-existing ROS-scavenging water constituents. 

Hypothesis: Photocatalytic degradation of ARGs can be adversely affected in wastewater 

treatment plants (WWTPs) effluent, where SMP and NOM compete with less abundant 

target contaminants (or ARGs in this case) for photogenerated ROS. Molecular 
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imprinting is a technique to impart high selectivity to polymers towards specific 

pollutants by creating binding sites that are complementary in size and shape to the 

templates, which results in specific recognition of target molecules. Conjugating 

molecular imprinted polymer (MIP) with photocatalysts can improve the efficiency of 

photocatalytic processes by enhancing the selectivity of the MIP-photocatalyst composite 

towards target eARGs. Compared with other WWTP effluent constituents (e.g., SMP and 

NOM), ARGs as DNA are characterized by their high content of nucleotides (i.e., 

adenine, guanine, cytosine and thymine). Therefore, previous researchers have used 

molecular imprinting of guanine for developing DNA sensors. Using similar principles, 

molecular imprinting of nucleotides may create selective recognition sites on the catalyst 

surface, enabling the catalyst to selectively entrap extracellular ARGs near photocatalytic 

sites for more efficient degradation. Improved contact between ARGs and catalyst would 

enhance the utilization of photogenerated ROS by ARGs rather than scavenging by non-

targeted constituents (a.k.a., “trap and zap” strategy). 

Significance: Micron-sized photocatalysts assembled from nano-sized building blocks 

preserves the outstanding photoactivity and would enable low-energy separation of 

photocatalysts from treated effluent. This will obviate the need for high-energy separation 

processes such as ultrafiltration or nanofiltration and reduce the energy requirement in 

slurry reactors using nano-sized photocatalysts (e.g., Evonik P25). The “trap and zap” 

strategy would mitigate the scavenging effect from background constituents in realistic 

wastewater, enhance the photocatalysis efficiency and endow photocatalyst with selective 

treatment capacity towards target contaminants. This “trap and zap” approach could 

further extend the application of photocatalytic water treatment in complex matrix. The 
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development of fluorinated polymerized surface modification would provide a facile and 

general way to improve the stability. This is important for resilient applications in a 

repeated use scenario. Though still underway, our preliminary results and suggestions 

will facilitate future development of photocatalyst that have eminent performance and 

high durability to sustain repeated use and attrition, along with qualities that enable low-

energy recovery from treated effluent. 
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1.3. Dissertation Organization 

This dissertation is organized into six chapters. Chapter 1 provides the general 

background and motivation leading to the formation of research objectives, hypothesis, 

and environmental significance. Chapter 2 reviews the literature and present 

understandings on photocatalytic water treatment, opportunities and challenges of 

impeding commercial success in practical water treatment. Potential strategies to 

overcome these challenges are also delineated in this chapter. Chapter 3, entitled 

“Easily-recoverable, micron-sized TiO2 hierarchical spheres decorated with cyclodextrin 

for enhanced photocatalytic degradation of organic micropollutants”, introduces a novel 

cyclodextrin-coated TiO2 photocatalyst for efficient removal of recalcitrant organic 

pollutants, which has been published in Environ. Sci. and Technol. Chapter 4 

demonstrates the effectiveness of crosslinking cyclodextrin with fluorinated polymer in 

enhancing the durability and performance in secondary effluent, which is edited from an 

article to be submitted to Water Res. Chapter 5 validates the feasibility of molecular 

imprinting strategy in photocatalytic removal of ARGs and provides advanced insights 

into how guanine imprinted polymer help concentrate ARGs near photocatalytic sites and 

alter the primary degradation pathway, this work has been published in Environ. Sci. and 

Technol. Chapter 6 summarizes the key findings, their implications and their 

environmental significance of this dissertation and outlines several suggestions and 

directions for future research. 
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Chapter 2 

Literature review 

2.1 Pressing need for advanced water treatment 

technologies 

The demand for clean water is rapidly growing as the world’s population expands 

and global climate changes aggravate freshwater scarcity. Unfortunately, water pollution 

is becoming more complex and difficult to treat, exacerbated by the growing use of 

pharmaceutical and personal care products (PPCPs) (20), endocrine disrupters (e.g. 

bisphenol A) (21), persistent organic pollutants (e.g., Per- and Polyfluoroalkyl Substances 

(PFAS)) (22, 23) and antibiotics (24). Accumulation of recalcitrant organic pollutants and 

rapid emergence of antibiotic resistance poses a serious threat to water safety and public 

health (2, 25). However, the existing centralized wastewater infrastructure and traditional 

biotreatment processes have been proven to be inefficient dealing with this emerging 

issue (26). Furthermore, advances in analytical techniques and toxicological assessment 
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give impetus to more stringent legislation for drinking water and environmental discharge 

(27). Therefore, there is a pressing need for advanced water treatment technologies.  

2.1.1 Contaminants of Emerging Concern (CECs) 

Contaminants of emerging concern refer to the chemicals and substances that 

have not been regulated in the past, but recently identified and discovered in natural 

systems (28). The analogous term of “emerging contaminants” does not translate to “new 

contaminants”, they might be chemicals that are commonly present but unmonitored in 

water. As categorized by Environmental Protection Agency, ECs can be classified into 

five categories (29). Specifically,  

(i) Persistent organic pollutants such as PFAS (30) 

(ii) Pharmaceuticals and personal care products (PPCPs), including a 

wide suite of human prescribed drugs, medications, sunscreens et al. 

(31). 

(iii)  Endocrine-disrupting chemicals (EDCs), including synthetic 

estrogens, naturally occurring estrogens (32) and other substances 

(e.g., organochlorine pesticides, alkylphenols) have estrogenic effect 

(33). 

(iv) Veterinary medicines such as antibiotics (34). 

The variety of chemicals labeled as CECs leads to a variety of concerns about 

water safety. CECs originate from diverse sources and are widely used over the world 

(35). Most of CECs are intrinsically or designed to be chemically persistent, which 

facilitates their transport and accumulation in different environmental components. 

Extensive research publications have demonstrated the occurrence of CECs in a wide 

range of environmental media including drinking water (36), human-effected water 

systems (e.g., sewage effluent, urban rivers, etc.) (28, 37), rural natural waters (38, 39), 

soils  and biota (40, 41). Trace of PPCPs has been found even in polar regions which are 



 

8 

the most pristine environment on this planet (42, 43). A recent study reported the 

detection of various PPCPs such as atrazine, caffeine, DEET, trimethoprim in 68 water 

samples from the Zumbro River watershed, Minnesota, USA (44). In 2013, Stephen et.al 

presented a global-scale analysis and revealed the presence of 203 kinds of PPCPs across 

41 countries (45). In 2016, a worldwide geological survey on PPCPs in the environment 

indicated 631 out of the 713 chemicals tested were present above the analytical detection 

limit in 71 countries over the world (Figure 2.1)(46). 

 (Adapted from Beek et.al 2016(46) Copyright 2016, Wiley-VCH Verlag GmbH & Co. 

KGaA.) 

Despite very low concentrations (ng/L to µg/L), ECs (e.g., PPCPs) have complex 

behavior when multiple ECs co-exist in the environment (47), therefore, exert toxic 

effects on a wide range of organisms and higher animals in the environment (48). For 

example, the spread of Diclofenac has resulted in the well-known shrink of vulture 

populations in South East Asia (49). Ethynyl estradiol was reported to cause female 

features in male carp (50) and disorders of tadpole development for zebrafish (51). 

Cumulative effects on human health from exposure to trace level of ECs consuming 

Figure 2.1. Golbal occurence of PPCPs in tap waters, groundwater, and surface 

waters. 
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drinking water, plants, fruits, fish, and meat are not well understood (52). A recent study 

has identified 15 out of 127 evaluated PPCPs as highly hazardous compounds from 

hospital wastewater (53). As expected, the advances in analytical and toxicological 

analysis and increasingly stringent regulation will keep driving down the minimum 

concentration targets for drinking purpose and environmental discharge. Accordingly, 

more research needs to be geared towards developing advanced techniques that are both 

efficient and cost-effective for emerging contaminants control. 

2.1.2 Antibiotic resistance 

Antibiotic resistance is a growing public health concern, which cause increasing 

morbidity (54) and mortality (55) all over the world. The term of “antibiotic resistance” 

refers to genetic or morphological changes in germs such as bacteria and fungi that result 

in the ability to resist the drugs designed to kill them (56). Antibiotic resistance evolves 

in almost all pathogens and parasites, not just bacteria when against almost every 

antimicrobial drug (57). Antibiotic resistance can develop through diverse mechanisms 

including decreased permeability (58), increased active efflux (59), enzymatic 

inactivation or modification (60), alteration in target sites (61), and bypass of metabolic 

pathways (62). ARGs can be acquired in chromosome or plasmid and sustain in bacterial 

populations under environmental conditions where antibiotic selective pressure is 

unpresented (63). The spread of ARGs is accelerated by horizontal gene transfer among 

the bacterial community in the forms of transformation, conjugation, and transduction 

(64). 
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The antibiotic resistance is rapidly rising to dangerously high levels as described 

by WHO (65), which ferments the concern that we are approaching the post-antibiotic 

age (66, 67). The trend of antibiotic resistance thriving in global scope was indicated by 

the surveillance report (65), that nearly one-half of Escherichia coli, Klebsiella 

pneumoniae, and Staphylococcus aureus expressed resistance to commonly used 

antibiotics including 3rd generation cephalosporins, fluoroquinolones and methicillin 

“MRSA”. The root reason for the widespread of antibiotic resistance is the misuse and 

overuse of antibiotics, since any antibiotic use, no matter in person, animals, or crops, can 

stimulate the development of antibiotic resistance. Moreover, the antibiotic resistant 

germs can spread between people, animals and the environmental (e.g., water systems, 

soils), which was defined as a “One Health Problem” by Centers for Disease Control and 

Prevention (CDC) (56). Antibiotic resistance threatens everyone, regardless of age or 

country. According to the CDC, more than 2.8 million antibiotic-resistant infections 

occur in the United States each year, causing at least 35,000 death cases each year as a 

direct result (68). In addition to the increase in morbidity and mortality, resistant 

infections also raise the medication costs. A growing list of infections, such as 

pneumonia, tuberculosis, blood poisoning, gonorrhea, and foodborne diseases, are 

becoming harder, and sometimes impossible, to treat as antibiotics become less effective 

(68). Therefore, alternative treatment (often more expensive and toxic), extended hospital 

stays, and additional follow-up visits will add considerable costs to the healthcare system 

(69). A recent report estimated the cumulative economic loss will reach to $100 trillion 

by 2050 as a consequence of substantial rises in rates of antibiotic resistance (70). 
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Water safety in modern society heavily relies on the wastewater treatment plants 

(71). Unfortunately, in the light of treating antibiotic resistance, the conventional 

WWTPs are not designed to accommodate this need (72) since the dominant operating 

techniques are biologically based (e.g., active sludge) (73). Additionally, some municipal 

WWTPs may serve as breeding grounds and point sources of ARGs due to selective 

pressure by the presence of sublethal levels of antibiotics and high bacterial densities that 

facilitate horizontal gene transfer (26). Though WWTPs are commonly equipped with 

disinfection processes (e.g., chlorination and UV radiation) which can moderately 

mitigate the antibiotic resistant bacteria (72, 74), but they still lack the capability to 

remove ARGs (75). Accordingly, extracellular ARGs can persist, transform bacteria, and 

propagate with their new hosts in the receiving water (76, 77). Moreover, residual 

chlorine reaching the receiving environment may be diluted to sub-lethal levels that 

increase the permeability of indigenous bacteria cells and enhance ARG transfer (78), 

and UV-inactivated ARGs may be reactivated by transformed bacteria (79). Some of the 

common water disinfection byproducts from chlorination processes (e.g., chlorite and 

iodoacetic acid) were also demonstrated with antibiotic-like effects which caused 

development of resistant E. coli strains (80). The complexity of antibiotic resistance 

control underscores the need to develop reliable and sustainable disinfection processes 

for removing antibiotic resistance from municipal wastewater. 
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2.2 Fundamentals and current status of photocatalytic 

water treatment  

Photocatalytic water treatment has significant potential to disinfect, inactivate 

biological molecules of emerging concern (e.g., ARGs) and degrade recalcitrant organic 

pollutants (e.g., CECs) (9, 27). Photocatalytic water treatment is a subclass of advanced 

oxidation processes (AOPs), which employs the photo-generated ROS as the primary 

oxidative species. These photo-generated ROS have high redox potential and are readily 

reactive (Figure 2.2) (81). It offers an appealing advantage to degrade recalcitrant 

organics or antibiotic resistance (that can breakthrough traditional WWTPs (82)) without 

the need for chemical addition. 

The standard concentration of oxygen was regarded as 1M, adapted from (83). 

Different from homogenous AOPs (e.g., H2O2/Fe2+, UV/H2O2, UV/O3 et.al), 

photocatalytic water treatment obviates the need for continuous addition of chemicals 

Figure 2.2. Generation of ROS through energy- and electron-transfer reactions. 
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(84, 85). Therefore, photocatalytic water treatment offers the opportunity to reduce the 

cost and safety concern of chemical transportation and storage, which is a compelling 

benefit for applications in rural or resource-limited area. In addition, some catalysts can 

be readily excited by low-energy ultraviolet light (UV-A) (86) and their absorbance 

spectrum can be extended to visible light after modification (e.g., doping) (87, 88). This 

allows for potential solar-driven applications which eliminates the requirement for extra 

energy input (e.g., electricity for UV lamp operation).  

2.2.1 Fundamentals of photocatalytic water treatment 

Photocatalytic water treatment is kicked off by photocatalysis, which defined as a 

“catalytic reaction involving the production of a catalyst by absorption of light” (89). In 

detail, electron-hole pairs will be generated in the outer surface region of the 

photocatalyst when exposed to ultra-bandgap irradiation (Figure 2.3. a)(90). Due to the 

short penetration distance of the UV light (δp ≈ 160 nm), an electric field near the 

surface will be created which retards the electron-hole recombination (16). Continuous 

irradiation will induce the annihilation of this electric field which is referred as a band 

flattening. The formation of bandgap flattening can be attributed to band shifting either at 

the surface (91, 92) or in the bulk. The bandgap flattening was demonstrated to occur 

within a time scale of 3-4 ns (93). The accumulated photogenerated charge carriers on 

surface reached to a steady-state population (94) due to the consumption of excessive 

holes by either recombination processes or electrochemical charge transfer (95).  
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Part of the photo-generated charge carriers will experience electron-hole pair 

recombination (Figure 2.3. b), which is undesirable for ROS generation and subsequent 

photocatalysis process (96). A quantitative evaluation using time-resolved photoacoustic 

spectroscopy indicated 60% of electron-hole pairs generated from colloidal TiO2 (average 

particle size ca. 5 nm) recombine within 25 ns (97). Besides recombination, electron-hole 

pairs can also be trapped. Take TiO2 as an example, a conduction-band electron can be 

trapped at a Ti4+ site to yield Ti3+, whereas, a valence-band hold will be trapped at a 

surface titanol (e.g., Ti4+OH) group (98, 99). The ROS will be generated through two 

pathways: (1) oxidation of H2O or surface OH- groups produces •OH; (2) O2 can be 

reduced by surface electrons leads to the formation of O2-, which will further be 

protonated to form the hydroperoxyl radical (HO2•) and subsequent H2O2. Both surface 

charge carriers and photo-generated ROS can participate into the reaction with target 

contaminants.  

(a) absorbed photons excite and produce charge carriers, (b) recombination of photo-

generated charge carriers, (c) and (d) subsequent generation of ROS, and (e) oxidation of 

organic contaminants. 

Figure 2.3. Schematic diagram illustration of typical photocatalysis process. 
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2.2.2 Current status of photocatalytic water treatment 

Photocatalytic water treatment has received extensive attentions in the past few 

decades and spawned a thriving number of subfields pursuing novel catalyst and reaction 

mechanisms. Advances in material science have enriched fundamental understanding 

about photocatalysis. This section examined the current status of two kinds of widely 

investigated photocatalysts including TiO2 and carbon nitride (C3N4). 

(1) TiO2-based photocatalyst. 

TiO2 has retained a central focus in the field of photocatalyst research for being 

physically robust, relatively inexpensive and environmentally benign, and highly photo-

active (100). Historically adapted from the finding of photoelectrochemical water 

splitting on the surface of a TiO2 electrode (101), TiO2-based photocatalyst was 

immediately recognized for its potential in water treatment (102). Pristine TiO2 suffers 

from high electron/hole recombination rate and inefficient utilization of the whole solar 

spectrum (103). Majority of related research were geared towards overcoming these 

challenges. In this section, a variety of the state-of-the-art TiO2 modification strategies 

are examined and the potential limitations in field applications are discussed. 

Doping TiO2. The incorporation of dopant into the TiO2 matrix will create defect 

states in the band gap which provides dual advantages : (1) these defect sites can serve as 

effective electron sinks, inhibiting the recombination and enhancing the interfacial charge 

transfer across the Schottky barrier (104); (2) the electronic transitions from valence band 

to defect states (intra-band states or mid-gap level) or from defect stats to conduction 

band can be initiated under sub-bandgap irradiation, which extends the spectral response 
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of TiO2 into the visible light region (Figure 2.4). It was reported that aluminum-doped 

TiO2 has 5-fold higher photocatalytic efficiency over undoped TiO2 in degrading 

norfloxacin and E coli inactivation under visible light (105). Abdullah et al. observed 

reduced recombination of charge carriers from Cu doping, which resulted in enhanced 

photocatalytic performance (106). Non-metal doping (N, C, F, S, et al.) has also 

demonstrated its efficiency in emerging contaminant removal (107, 108), disinfection 

(109) and antifungal applications (110).  

However, contradictories about doping remain in academia, the detrimental 

effects from doping, especially from cation doping, have been broadly recognized (111, 

112). Instead of retarding the electron-hole pair recombination, these metal centers act as 

electron traps, which undesirably promotes the recombination process (113). Several 

dopants (Cr3+, Al3+, Nb5+, Ta5+) have been found to adversely inhibit the photocatalysis 

either through trapping photogenerated electrons (114) or holes (115). In addition, 

stability of doped TiO2 has scarcely been evaluated for long-term usage to date. Previous 

literature reports failed to justify the claimed sufficient durability for realistic application 

through ten or even less successive batches (116).  

Figure 2.4. Mechanism of the bandgap change from doping. 
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TiO2 coupled with other semiconductors. The most frequently utilized 

modification strategy is to couple TiO2 with semiconductors having different energy 

levels. Similar to doped-TiO2, this heterojunction can enhance charge separation due to 

band-bending at the interface. Moreover, semiconductor heterojunction can further 

extend the absorption spectral into visible region (88). Au and Ag have been proved to be 

promising coupling nanoparticles benefiting from their well-known property of localized 

surface plasmonic resonance (LSPR) (117, 118). Specifically, LSPR refers to the 

collective free electron charge oscillation in the metallic nanoparticles, which allows for 

utilization of visible light (119). TiO2 coupled Pt showed improved photo-induced 

electron transfer rate at the interface since Pt deposits play as the sink of the photo-

generated electrons (120). Coupling TiO2 with MxSy nanoparticles employs a 

fundamentally different mechanism, that is, photosensitization to extend the absorbance 

spectral. Cadmium sulfide (CdS) has been widely studied owing to its narrow bandgap 

(Eg = 2.4 eV) and excellent visible light absorption. Therefore, when coupled with TiO2, 

CdS can act as a photosensitizer and initiate the generation of electron-hole pairs with 

visible light irradiation. Subsequently, the photo-generated electrons will transfer to the 

conduction band of TiO2, whereas the photo-generated holes will stay in the valence band 

of CdS (121). This improved separation of charge carrier also contributes to the improved 

photocatalytic performance (122). A potential concern for using coupled TiO2 is the 

higher cost for the introduction as noble metal nanoparticles. Additionally, the long-term 

durability of such heterogeneous structure has not been evaluated in a comprehensive 

way. Pt nanoparticles was found to detach from TiO2 surface or lose its activity 

progressively under extended UV irradiation (123). The insufficient stability will 
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preclude the potential of coupled-TiO2 for repeated use. Moreover, the leaching of heavy 

metal, coming from the detachment of metallic nanoparticles, will pose secondary safety 

concern to treated water. 

Black TiO2. Recent lead-ahead studies developed an appealing and new form of 

TiO2 nanocomposite with dark color (i.e. black/blue TiO2) employing disordered 

engineering strategy (124). Zhou et al. demonstrated the amorphous shell induces the 

LSPR, which resulted in excellent solar absorption (83%) and improved photocatalytic 

performance (125). Black TiO2 exhibits a unique core-shell structure with an oxygen-

deficient disordered shell (Ti2O3) and a crystalline core (126). Various synthetic 

approaches have been reported for black TiO2 fabrication, among which surface 

hydrogenation was mostly investigated (127). Absorption of visible light by black TiO2 

was obtained owing to disorder-induced mid-gap states and upshifted the valance band 

edge (128). Nevertheless, the improved light absorption does not ensure an enhanced 

photoactivity for black TiO2. The surface defects and/or oxygen vacancies can also act as 

recombination centers and harm its photocatalysis. Therefore, black TiO2 with optimized 

properties is still highly needed for efficient visible light photocatalysis. 

(2) Carbon nitride (C3N4) 

Carbon nitride has been the subject of extensive research owing to its visible light 

driven property, metal free nature and earth abundancy (129). Carbon nitride has a 

favorable bandgap (Eg = 2.7 eV) corresponding to an optical wavelength of 460 nm, 

enabling the utilization of solar driven applications. In addition, carbon nitride can be 

facilely fabricated via one-step polymerization employing various low-cost nitrogen 

incorporated chemicals as precursors, including urea, dicyandiamide, melamine, et al 
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(130, 131). Unfortunately, pristine carbon nitride was limited mainly for the high 

electron-hole pair recombination rate and relatively low surface area. Therefore, 

increasing number of synthetic and modification techniques have been developed to 

pursue highly efficient and applicable carbon nitride based photocatalyst.  

Ultra-thin carbon nitride nanosheet. Carbon nitride exhibits a natural 2D 

structure analogues to another widely investigated carbon-based material graphene. 

Pioneering work and findings on graphene (132, 133) have stimulated enormous research 

interest in developing nano-sized and ultra-thin 2D carbon nitride by exfoliating bulk 

carbon nitride. The carbon nitride host layer is composed of strong covalent bonds (C-N). 

Bulk carbon nitride is a stack of multiple host layers via week intermolecular van der 

Waals force or electrostatic force. Inspired by the well-known Hummers method used for 

exfoliation of graphite into graphene oxide (134), Jing et al. obtained single atomic layer 

carbon nitride (thickness of 0.4 nm) with 50 times higher surface area (205.8 m2/g) 

compared to bulk carbon nitride, using a modified KMnO4-free Hummers method (135). 

A chemical tailoring strategy was developed to fabricate carbon nitride with various 

nanostructure, including nanorods, nanoleaves, and quantum dots, through cleavage of 

layered carbon nitride (136).  

The two-step thermal oxidation has been widely investigated to produce ultra-thin 

carbon nitride nanosheets. In the first step, bulk carbon nitride is synthesized through 

thermal condensation of precursor. In the second step, temperature is increased to induce 

thermal oxidation etching to the bulk carbon nitride, which result in progressive decrease 

of the thickness of carbon nitride (137). Ping et al. reported a facile thermal exfoliation 
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method to synthesize single layered carbon nitride (thickness of 2 nm) with improved 

electron migration ability (138).  

Ultrasound-assisted solvothermal method has been quickly recognized for its 

potential for liquid exfoliation of layered compounds (139). When soaked into a solvent 

with similar surface energy, the interlayer gallery of carbon nitride will readily interact 

and be swelled by solvent molecules. Sonicating the solvent will generate cavitation 

bubbles between the layers, subsequent collapse of these cavitation bubbles will produce 

liquid jets with high temperature and speed. Solvothermal exfoliation employs these 

liquid jets between layers as the driving force to break up the stacked layered structure, 

yielding single atomic nanosheet (140). Isopropanol has been proved to be a promising 

solvent for solvothermal exfoliation of carbon nitride. An atomically thin mesoporous 

carbon nitride (thickness of 0.5 nm) was fabricated from freeze-dried dicyandiamide 

through sonicating bulk carbon nitride in isopropanol for 24 h (141). Hua et al. also 

reported improved photocatalytic oxidation of ammonia using single layered carbon 

nitride obtained from liquid exfoliation in isopropanol (142). Other novel strategies such 

as microwave heating (143) and alkaline hydrothermal treatment also exhibited great 

potential in producing ultra-thin carbon nitride (144).  

Doped carbon nitride. Carbon nitride has a tunable band gap with controllable 

lowest occupied molecular orbital (LUMO) and highest occupied molecular orbital 

(HUMO) (145). The tunable band gap of carbon nitride facilitates the modification 

process such as doping. Generally, the introduction of metallic or non-metallic impurities 

induces bandgap reduction and shift, which endows doped carbon nitride with higher 

visible light adsorption capacity and improved electron-hole separation (146). Metallic 
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dopants can be incorporated into carbon nitride framework by simultaneous thermal 

condensation of carbon nitride precursor premixed with soluble metal salts (147). Hu et 

al. developed potassium doped carbon nitride using one-step hydrolysis of dicyandiamide 

and potassium hydrate (148). The K+ ion was found to coordinate with the big C-N 

network, therefore, manipulating the K+ concentration can tune the conduction and 

valence band potentials. A novel Fe-doped carbon nitride was reported to achieve seven 

times faster photocatalytic degradation of Rhodamine B under solar irradiation compared 

to unmodified carbon nitride (147).  

Moreover, to preserve the metal-free nature of carbon nitride, non-metallic doping 

has been vastly investigated. Improved photocatalytic degradation of Rhodamine B and 

methylene orange was observed from phosphate-doped carbon nitride synthesized via 

polycondensation of dicyandiamide and BMIM-PF6 (131). Gang et al. developed a novel 

sulfur-doped carbon nitride via thermal polymerization dicyandiamide and H2S. The 

sulfur doping extended the light absorbance spectral, that complete oxidation of phenol 

was observed using sulfur doped carbon nitride under irradiation with λ > 400 nm, 

whereas, bare carbon nitride showed insignificant removal of phenol under λ > 300 nm 

(149).  

Although there has been considerable study on doped carbon nitride, several 

significant barriers remain unsolved for large scale applications. Metal doping is limited 

by its high synthetic cost and low availability. The potential leaching of dopant will 

release heavy metal ions, an unintended contamination, to the receiving environment. 

Another major constrain of doping technique is the lack of thorough understanding about 
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the durability. This underscores the need for long-term performance evaluation in future 

study and development of facile and cost-effective “rejuvenation” strategies.  

Carbon nitride nanocomposite. Substantial advances have been made on design, 

fabrication, mechanistic understanding and potential applications of carbon nitride 

nanocomposites. In general, nanocomposite photocatalyst provides several potential 

advantages: (1) broaden light absorption owing to the tuned band gap; (2) boosted 

electron-hole pair separation by the heterogenous junction; (3) cocatalyst effect: the 

integration with other cocatalyst can lower the redox potential at the active sites; (4) 

improved durability: certain cocatalyst can protect the essential functional groups after 

proper design (129).  

Graphene was proved to be a promising cocatalyst for its outstanding mechanical 

and thermal stability, earth abundancy, and encouraging photocatalytic performance 

(150). In addition, coupled with this carbon-based analogue material preserves the metal-

free property of carbon nitride. A core/shell structure composed of reduced graphene 

oxide/carbon nitride (rGO/C3N4) was reported to efficiently inactivate E coli K-12 under 

visible light (151). Yibing et al. fabricated a cross-linked carbon nitride and rGO 

nanocomposites with improved photocatalytic degradation efficiency towards Rhodamine 

B and 4-nitrophenol (152). The optimized loading of rGO was demonstrated to expand 

the light harvesting range, facilitate the electron-hole pair separation, and increase the 

oxidative potential. 

TiO2, as a widely investigated photocatalyst, showed great potential as a 

candidate for constructing carbon nitride-based heterojunction. A novel Z-scheme 
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hybridization of rutile TiO2 with carbon nitride quantum dots was tested for 

photocatalytic degradation of aqueous Rhodamine B and NO in air under visible light 

irradiation (153). Improved photocatalytic capability was observed and attributed to a 

synergistic effect of upgraded optical property and enhanced transfer of photo-generated 

charge carriers. Liqiang et al. reported selective reduction of nitrobenzene by a 3D 

nanocomposite, TiO2/C3N4/graphene, under visible light irradiation. The effect of 

different contact interface between TiO2 and carbon nitride was uncovered by Ze’ai et al., 

that the contact between carbon nitride with high energy (101) facet promotes the transfer 

of photo-generated electrons. Wei et al. reported a TiO2@carbon nitride core-shell 

heterojunction with two times higher photocatalytic degradation rate of tetracycline 

compared to bare TiO2 or carbon nitride (154). Other metal oxide as cocatalyst (e.g., ZnO 

(155), La2Ti2O7 (156), WO3 (130) et al.) has also been reported with improved 

photoactivity either in waterborne contamination control or disinfection.  

Though encouraging progress has been made in developing carbon nitride 

nanocomposites, the technique transfer to practice is still at the primary stage and 

significant challenges remain unaddressed in this field. Further systematic research is 

needed, both from a fundamental scientific and practical point of view, to gain more 

insights into: (1) the principle understanding of the charge transport process, especially in 

the heterojunction structure; (2) stability concern: durability test considering realistic 

operational scenario needs to be conducted before claiming stability in the future work; 

(3) clearer explanation of the enhanced photoactivity from nanocomposites structure: 

unsettled contradictory could be solved using advanced in situ techniques. 
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2.3 Technical barriers hindering transfer of research to 

practice 

Historically adapted from the finding of photoelectrochemical water splitting at 

TiO2 surface, photocatalytic water treatment has experienced a 35 years development. A 

booming number of subfields under photocatalytic water treatment have emerged, 

leading to the development of enormous photocatalysts and various reaction mechanisms. 

At striking odds with the abundance of literature reports, there is extremely low number 

of systems currently using photocatalysis for water treatment in field, and no single 

municipal utility uses photocatalytic treatment to date.  

There have been over 10,000 research papers on photocatalytic water treatment 

published between 2000 to 2019, where an apparent growing trend was observed (Figure 

2.5 a). However, there is extremely low number of systems currently using photocatalysis 

for water treatment in field, and no single municipal utility uses photocatalytic treatment 

to date. If the percentage of publications on photocatalytic water treatment reactor is any 

indication, the academia keeps overlooking the significance of innovative reactor design 

(Figure 2.5 b). Among the 1780 publications on photocatalytic water treatment in 2019, 

only 152 of them (< 10%) address reactor design and 32 of them (< 2%) involve 

problems in a pilot scale. Clearly, an overemphasis on material design and mechanistic 

investigation has led to pretension in academia respecting the practicality of 

photocatalytic water treatment. Such a wide disconnect, between laboratory 

demonstration and the needs in a real-world, raises a flag that it is time to confront those 
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fatal implementation hurdles and figure out an approach towards realistic application 

success. 

 

Figure 2.5. Publications treands in photocatalytic water treatment research. 

(a). Web of science results for the number of yearly publications on photocatalytic water 

treatment from 1999 to 2019. (b) Percentage of publications on photocatalytic water 

treatment reactor over total photocatalytic water treatment publications from 1999 to 

2019. 

 

2.3.1 Inhibitory effect of background constituents in realistic wastewater.  

The studies performed at bench-scale under the most ideal conditions (i.e., 

deionized water) tend to overrepresent the merits and under-represent the detrimental 

limitations demonstrated by the technology when applied in a complex water matrix (e.g., 

effluent from WWTPs). Before examining the specific inhibition mechanisms, it is 

imperative to gain a comprehensive understanding about the background constituents. 

Herein, an introduction of components in the secondary wastewater effluent, which is 

commonly considered as the target user of photocatalysis, was covered in this section. In 

general, there are two classes of constituents in wastewater effluent listed as organic 
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matters and inorganic ions (157). Organic matter in wastewater effluent is commonly 

nominated as effluent organic matter (EfOM), which is composed of NOM (158), SMP 

(159) and trace concentration of refractory organics (e.g., emerging contaminants). EfOM 

has a chemical structure that cannot be uniquely identified and varies by site and season.  

NOM, referred to organic compounds (e.g., humic acids and fulvic acids) present 

in natural water, was found to constitute an important fraction of EfOM. The chemical 

composition of NOM includes aromatic and aliphatic molecules (160), specifically, 

approximately 50% of NOM was attributed to hydrophobic acids (161). NOM has a wide 

molecular weight (MW) distribution varying from 100 Da to 10 kDa (162). Another 

major component of EfOM is SMP, which comprises 80% to 98% of the effluent COD as 

reported (163). SMP is closed related to the biological treatment process and derived 

from either substrate metabolism and subsequent biomass growth (e.g., nutrient, protein, 

RNA, et al.) or biomass decay (e.g., cell fragment, extracellular enzyme, et al.) (164). 

SMP is a complex mixture of compounds with a wide range of molecular weight, of 

which 22% is constituted by heteropolysaccharides and lipopolysaccharides (MW = 100 

to 300 kDa), and 36% is attributed to alcohols and carboxylates (MW < 1 kDa). EfOM 

also contains trace amount (ng/L to µg/L) of nonbiodegradable recalcitrant organics (e.g., 

emerging contaminants breaking through secondary wastewater treatment process) and 

disinfection byproducts (generated in the post disinfection processes) (165). 

There are a wide variety of inhibition mechanisms contributing to the observed 

photoactivity loss in the presence of background constituents (166). Several hypotheses 

have been proposed in literature, including: (1) photo-generated charge carriers or 

subsequent ROS being scavenged by non-target species; (2) inner filter effect which 
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cause decline in absorbed photons; (3) competing absorption onto catalyst surface; (4) 

interference with the electron-charge transfer processes (167). 

As a subclass of AOPs, photocatalytic water treatment inherits a vital 

shortcoming, that is, only a small fraction of photo-generated ROS can be utilized to 

destruct the target contaminants. Non-target constituents (EfOM and inorganic ions) act 

as a significant sink for photo-generated ROS. A recent representative estimation of the 

availability of photo-generated ROS indicated that only 5% of •OH can contribute to the 

eventual destruction of target contaminant (14). Meimei et al. reported an empirical 

equation for evaluation of the reactivity between EfOM and •OH (Equation 2.1) (168), 

where kEfOM-•OH is the second-order reaction constant between EfOM and •OH, SUVA254 

is the specific UV absorbance at 254 nm, FI represents the fluorescence index, MW refers 

to the average molecular weight (Da), d is the dispersity, RCNH2 and RCC18 are 

properties related to the ambient property of the EfOM (169).  

𝑘𝐸𝑓𝑂𝑀−•OH(× 109)

=  1.13 × 𝑆𝑈𝑉𝐴254 + 1.22 × 𝑅𝐶𝑁𝐻2 + 2.31 × 𝐹𝐼 − 1.82 × 𝑅𝐶𝐶18

− 0.0018 × 𝑀𝑊 + 4.12 × 𝑑 − 8.90 

Equation 2.1. Empirical equation for kEfOM-•OH calculation (168). 

EfOM acts as an efficient •OH sink (170) considering that the second-order 

reaction rate between EfOM and •OH (~ 108 Mc-1 s-1) is comparable to that for common 

organic contaminants (~ 109 M-1 s-1) (168). This is compounded by the fact that EfOM 

has a concentration (mg/L) commonly few magnitude higher than target contaminants 

(ng/L – µg/L). An analytic model prediction, in conjunction with validation with batch 
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experiments, indicated that ROS scavenging and competitive adsorption by NOM were 

the dominant inhibitory mechanisms. A > 75% decrease in photocatalytic degradation 

rate was observed using TiO2 as the photocatalyst in the presence of 25 mg/L NOM 

(171). Photocatalytic degradation of DEET tested in the secondary wastewater effluent 

using Au/TiO2 exhibited a 10-fold immediate loss in reactivity compared to in ultrapure 

water systems (172).  

Inorganic species may also impede photocatalysis through scavenging either 

valence band holes or subsequently generated •OH (Equation 2.2). Matthews et. al 

reported deteriorated photocatalytic performance of TiO2 in the presence of Cl-, HCO3- 

(173) and SO42- (174). The addition of CO32- (0.03 mol/L) induced a 70% loss of 

photocatalytic degradation rate of naphthalene by TiO2 (Evonik P25) (175). CO32- was 

proved to be a strong inhibitor which is 46 times more efficient than HCO3-, and is of 

particular importance since it is ubiquitous in both natural and artificial waters (176). 

Adverse effect on E coli inactivation was also observed employing P25 as the 

photocatalyst after addition of HCO3- or SO42- (177). 

𝐶𝑙− +  •OH →  •Cl + 𝑂𝐻−            𝑘 = 4 × 109 𝑀−1𝑠−1 

𝐶𝑙− +  h+ →  •Cl 

𝑆𝑂4
2− +  •OH →  •𝑆𝑂4

− + 𝑂𝐻−            𝑘 = 1 × 1010 𝑀−1𝑠−1 

𝑆𝑂4
2− + h+ →  •𝑆𝑂4

− 

Equation 2.2 – •OH scavenging by Cl- and SO42-. 
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Background constituents competing for absorption sites on catalyst surface was 

proven to be an influential inhibitory mechanism, especially in the presence of organic 

matters, by investigating the effect from NOM addition on photocatalytic degradation of 

contaminants with various affinity to TiO2 (171). EfOM can act as a photosensitizer 

playing an important role in water self-cleaning in natural system. However, competing 

for incoming photons in photocatalytic wastewater treatment process is undesirable. This 

inner filter effect was also observed for inorganic ions such as Fe3+, Cu2+, and CO32- due 

to surface occlusion when certain counterparts are present (178, 179).  

2.3.2 High energy cost for catalyst recovery.  

Nano-sized photocatalyst offers compelling merits such as high specific surface 

area, unique physiochemical property and efficient charge transfer. However, 

overemphasis on material design seeking for ultrafine photocatalyst continues to miss the 

mark, that is, cost-effectiveness in photocatalyst separation and recovery is an urgent 

need. Recapture of photocatalyst from treated effluent is a common necessity essentially 

for two reasons: (1) progressive loss of photocatalyst requires frequent replenish 

operation which will cause considerable extra cost; (2) the effect of some nanomaterials 

escaping treatment reactors to human health and its ecotoxicity is still unclear and this 

(potential or just perceived) risk should be minimized. Nanomaterial has been regulated 

as one of the emerging contaminants by EPA, which underscores the need for providing 

nanomaterial-free water. 

Photocatalyst separation at a laboratory scale is trivial, which is commonly 

performed by centrifugation. Unfortunately, this could be a cumbersome task when 
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scaled up to a practical application. The only applicable technique for nanomaterial 

separation is nanofiltration or ultrafiltration, which, however, requires high operational 

pressure with a limited permeate water flux. Therefore, integrating photocatalytic water 

treatment with high-pressure filtration process will add considerably to the overall cost. 

Mark et al. did a comprehensive evaluation on a commercial modulated reactor, the 

Purifics Photo-Cat, which was designed for small-scale photocatalytic water treatment. 

The energy consumption distribution, when using P25 as the photocatalyst, indicated that 

only 25% of total energy is utilized by the UV lamps (1 – 3 kWh/m3), whereas the rest of 

75% is consumed by the pumping and catalyst recovery via crossflow ultrafiltration (3 – 

9 kWh/m3) (15).  

Need to note, the scarcity of literature reports on separation efficiency and cost 

estimation prevents an accurate evaluation of the current status and applicability of 

existing photocatalysts. Albeit, if the illustration of the Photo-Cat is any indication, not 

only the photoactivity but also the reusability collectively decides the application 

potential. Moreover, the academia chooses to turn a blind eye on improvement of 

separation efficiency could also be attributed to the lack of a well-accepted criteria. To 

date, the current criteria for assessing the performance of photocatalytic water treatment 

systems mainly focuses on the photoactivity. However, the importance of compatibility 

to practical treatment process, the feasibility of large-scale production, and cost-

effectiveness in catalyst recovery has been quickly recognized by the broaden 

community. It underscores the need for expanding criteria to a comprehensive extent. 
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2.3.3 Stability considerations.  

Photocatalytic water treatment has been labeled as green technique for next-

generation water treatment due to its catalytic nature. The term of “catalyst” is defined as 

“substance not consumed in the catalyzed reaction and can continue to act repeatedly” 

(180). In the light of this definition, insufficient stability of the photocatalyst will lead to 

the breakdown of cost-effectiveness and merits of photocatalytic water treatment.  

Organic materials (e.g., reduced graphene oxide) or organic modifications (-NH4 

ligands) tend to be unstable in the presence of abundant photo-generated ROS. Jiadong et 

al. investigated the stability of carbon nitride towards •OH and revealed the undercover 

mechanism that •OH can rupture the heptazine unit from carbon nitride framework. This 

will lead to the formation of cyameluric acid and eventual release of nitrates into the 

accepting environment (181). Nanomaterials that use metallic modifications such as 

metal dopants, semiconductors, etc., likely lack the required durability. Significant 

leaching of ZnO was observed from a TiO2 coated ZnO nanocomposite in photocatalytic 

flow reactors (182). Moreover, engineered nanomaterials with complex and delicate 

structures (e.g., hierarchical surface, multi-shelled, and sandwich-like structure) have 

limited capability to sustain repeated use and attrition.  

A further concern that should be emphasized is the lack of a mature strategy for 

stability evaluation. To date, previous literature examples conducted stability tests for ten 

or even less successive batches, which sums to a testing duration on the order of a few 

hours. However, it should be noticed that water treatment is generally a large-scale 

continuous process, where long-term stability is a determinant factor for success. Though 
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prolonged testing on durability is favorable for pursuing successful practice, this level of 

test (up to 1,000 hours) might be unrealistic and retards the academic productivity. 

Therefore, a versatile and accelerated stability testing is highly needed for photocatalyst 

lifetime estimation. 
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2.4 Approach towards success in water treatment practice 

Apparently, technologies that address aforementioned multidimensional barriers 

and a clear pathway for technology transfer to practice are overdue. In the light of the 

maturity of basic science in this field, reviewing outputs from previous research may cast 

light on the path forward. In this section, opportunities and potential approaches are 

examined.  

2.4.1 The “trap and zap” strategy 

The “trap and zap” strategy refers to a group of technologies using modified 

photocatalysts with improved affinity towards target contaminants, thus concentrating 

them near the catalyst surface where heterogeneous photocatalysis take place. The 

photogenerated ROS (with typical lifetimes of only a few microseconds) (183-185) 

would, therefore, have a higher likelihood of oxidizing adsorbed priority pollutants rather 

than being scavenged by other constituents in the bulk solution. Encouraging 

implementations of the “trap and zap” strategy include surface modifications with 

specific functional groups, coupling with absorbent, hybridizing with other nanomaterial, 

and molecular imprinting.  

Surface modification with specific ligands endows the photocatalyst with 

specific affinity towards target contaminant. TiO2 surface was functionalized with L-

arginine, lauryl sulfate, or salicylic acid, for photocatalytic reduction of nitrobenzene. It 

was found L-arginine on TiO2 surface enhanced the adsorption of nitrobenzene, and 

therefore exhibited the greatest photodegradation efficiency (186). Rajesh et al. employed 
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cyclodextrin as a molecular trap on amorphous TiO2 surface (187). Improved 

photocatalytic degradation of bisphenol A and dibutyl phthalate was observed, owing to 

the improved adsorption pattern. Hybridized nanocomposites have also been developed 

to provide multifunctionalities. A CeO2/TiO2 was designed for enhanced adsorption and 

further photocatalytic degradation of organic contaminants under visible light (188). 

Silica decorated TiO2 was proved to have 2.7 times higher inactivation rate for 

bacteriophage MS2 due to the greatly improved adsorptive density, which is 37 times 

higher than that of unmodified TiO2 (189).  

Zeolite, as a well-recognized absorbent, has been widely investigated and 

combined with TiO2, achieving enhanced photocatalytic degradation of various 

waterborne contaminants such as phenol (190), methyl orange (191), and sulfadiazine 

(192). Another important carbon-based absorbent, activated carbon, has been broadly 

recognized for its potential in contaminants enrichment. Hybridization of photocatalyst 

with activated carbon has acquired consideration attention (193), taking advantage of the 

synergistic effect of adsorption by activated carbon and subsequent decomposition by 

photocatalytic process. This “trap and zap” hypothesis was evidenced by extensive 

literature reports on activated carbon/photocatalyst heterojunction targeting on a wide 

variety of aqueous contaminants including tetracycline (194), toluene (195), ibuprofen 

(196), and diclofenac (197). Inspired by the activated carbon, other carbon-based 

nanomaterial, such as graphene oxide (198) and carbon nitride (199), has been studied as 

cocatalyst. Similar to activated carbon, the abundant aromatic-like rings in these carbon-

based materials provide strengthened adsorption of organic contaminants through π-π 

interactions. A porous electron-spun fiber was utilized as the supporting substrate for 
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P25, which showed improved photocatalytic degradation of 17α-ethynylestradiol in 

wastewater effluent (200). The porous structure increased the surface area exposed to 

contaminants in aqueous phase, and its hydrophobic surface facilitated the adsorption of 

nonpolar contaminants. These two factors, collectively, contribute to the pronounced 

photocatalytic efficiency. 

Molecular imprinting has been a subject of broad and current interest in the field 

of analytic advancement (e.g., sample pretreatment (201) and chromatographic separation 

(202)), chemical/biological sensing (203, 204), nanozymes (205), etc.. The concept of 

molecular imprinting is analogues of what we see in the natural antibody-antigen 

systems. As such, they operate by a “lock and key” mechanism to selectively bind the 

molecules complementary in size and shape to the templates (206). Molecular imprinting 

imparts high selectivity to polymers towards molecules templated (in our case target 

contaminants) during production. Generally, the synthetic procedure includes two parts: 

(1) polymerization between target template, functional monomers and crosslinker is 

initiated by an initiator to form a polymer with target templates inserted into the polymer 

matrix; (2) the template molecules are removed from the polymer host, leaving imprinted 

base with a 3D network containing specific cavities with the geometry and position of the 

functional groups complementary to the templates (207). When the molecular imprinted 

polymer (MIP) is exposed to the target-containing environment, the specific binding sites 

will recognize and selectively uptakes targets from a complex matrix. 

In recent years, repurposing molecular imprinting strategy from other disciplines 

has paved the road towards developing innovative water treatment photocatalyst. The 

template recognizing nature of MIP endows combining photocatalyst with not only 
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enhanced adsorption but also superior selectivity, which leads to an improvement of 

subsequent photocatalysis, especially in a complex water matrix (e.g., secondary 

wastewater). Xubiao et al. developed an inorganic-framework (TiO2/WO3) with 

molecularly imprinted of 2-nitrophenol or 4-nitrophenol, which shows two times higher 

photocatalytic degradation rate and notable selectivity (208). A visible light driven 

TiO2/graphene nanocomposite imprinted with BPA exhibited increased adsorption 

capacity and selectivity towards BPA, and therefore better photocatalytic efficiency 

(209). Common MIP can accept a wide variety of organics or biomolecules as the 

template which expands its potential to deal with different contamination, such as 

antibiotics (e.g., sulfamethoxazole (210)), pesticides (e.g., 2,4-dichlorophenoxyacetic 

acid (211)), and antibiotic resistance (212, 213). Need to note, though molecular 

imprinting has demonstrated its benefit photocatalytic water treatment in through 

extensive literature examples, a major concern remains where abundant ROS are present. 

The MIP and its binding with photocatalyst, due to its organic nature, might be 

susceptible to ROS attack in this scenario. Therefore, care should be taken to validate the 

durability before promoting for realistic application. 

2.4.2 Easily-recoverable photocatalyst.  

Separation and recovery photocatalyst from treated effluent is a common 

necessity for reliable water treatment. Promising techniques have been developed to 

accommodate this pressing need, which can be classified into three categories: 

immobilized, magnetic, and large-sized photocatalyst. In this section, state-of-art 

techniques with potential to facilitate recovery are examined. 
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Immobilized photocatalyst offers dual benefits: (1) it eliminates the need for 

separation, and (2) it prevents the aggregation of coated photocatalyst. Various 

supporting substrate have been reported including foam porous support (214), polymeric 

membrane, optical fiber (215), fluidized media (216), and stainless steel etc. (217). 

Membrane system coupled with photocatalyst has been a separate research field with 

substantive literature papers been published (218). A continuous stirred tank reactor, 

equipped with a spinning stainless steel disc decorated with TiO2 film, was designed and 

evaluated for photocatalytic removal of phenol (219). Complete removal of phenol was 

achieved within 4 h under optimum conditions in aforementioned reactor. Optical fiber 

has been recognized as a promising supporting substrate since it enables remote light 

delivery to photocatalyst coating. Nicola et al. developed a fix-bed photocatalytic reactor 

employing an optical fiber coated with P25 for A maximum quantum efficiency of Φ = 

0.011 for the oxidation of 4-chlorophenol was achieved, showing similar reaction 

efficiencies of a slurry reactor (220). A side-emitting optical fiber was fabricated for 

disinfection coated with aminated silica. A UV-C transparent polymer was selected as 

cladding to minimize self-consumption of UV-C emission by the fiber itself. Upon LED 

irradiation (λ = 256 nm) at an input of 15 mJ/cm2, a 2.9 log inactivation of E coli was 

obtained (221).  

Essential to note, immobilized photocatalyst has intrinsic shortcomings such as 

limited mass transfer and poor light delivery. Developing multi-functional supporting 

media, enabling enhanced light scattering (222), selectivity towards target contaminants, 

or enlarged surface area, could make significant efficiency improvements. Another 

important approach which has been arguable overlooked in academia, to address 
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aforementioned drawbacks is the reactor design. Innovative reactor design providing 

better light management and improved mass transfer is urgently needed.  

Magnetic photocatalyst enables the separation and recovery by convenient 

external magnetic field (223, 224). A reusable magnetic nanocomposite with a 

core@shell (Fe3O4@TiO2) structure was proved to be both efficient in removing 

endocrine disrupters and easily recoverable (187). However, direct deposition of TiO2 

onto magnetic particles induces the photodissolution of the magnetic core, causing heavy 

metal leaching and magnetism loss. A proven approach abating this photodissolution is to 

insert a silica layer between the TiO2 shell and magnetic core (225), which, as a side 

effect, increases the synthetic complexity remarkably. A novel Fe3O4@TiO2/graphene 

nanocomposite was designed for photocatalytic removal of herbicides taking advantages 

of improved adsorption by graphene, enhanced electron-hole separation from 

heterojunction structure, and magnetic separation (226). However, an important factor 

needs to take into account is the aggregation of magnetic particles. The internal magnetic 

force will accelerate the aggregation process causing loss of the specific surface area, and 

redispersion of the photocatalyst for repeated use after applying external magnetic field 

could be problematic. This highlights the need for an efficient stabilization strategy or a 

smart rector design. 
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Chapter 3 

Easily-recoverable, micron-sized TiO2 

hierarchical spheres decorated with cyclodextrin 

This chapter is edited from a published article in Environ. Sci. Technol, 21, 12402-12411. 
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3.1 INTRODUCTION 

The need for technological innovation to efficiently remove contaminants of 

emerging concern (such as endocrine disruptors) during water treatment and wastewater 

reuse has stimulated extensive research on advanced oxidation processes (AOPs), 

including photocatalysis (8, 27, 227). Among the various photocatalysts available, 

titanium dioxide (TiO2) offers the advantages of being physically robust, relatively 

inexpensive and environmentally benign, and highly photo-active (16, 17). Therefore, 

TiO2 has been widely considered for use in photocatalytic AOPs. Extensive research has 

been conducted to improve the photocatalytic properties of TiO2 (107, 108, 110). Inspired 

by exfoliation of single-layer graphene (228), several researchers have synthesized 

ultrathin two-dimensional (2D) TiO2 nanosheets (229, 230) to achieve a large surface 

area, superior transparency, and strong quantum confinement of electrons (231, 232). 

Nanosheets also offer a precise control over facet growth to obtain high-energy surfaces 

(e.g., 90 J/m2 for 001 facets) (233) for superior photoactivity activity (234). 

Although significant progress has been made in synthesizing a wide variety of 

photocatalysts, few of these nanomaterials have found practical applications (14). One 

challenge is that photocatalysts are commonly used as a well-mixed slurry (to minimize 

mass transfer limitations), and their small size requires high-energy separation processes 

such as ultrafiltration or nanofiltration to prevent their release into treated water and 

enable recovery for reuse. Separation and recovery of TiO2 slurry can require more 

energy than the UV lamps used for photo-excitation (13). Another barrier is that the 

limited durability of TiO2 histoarchitectures, composed of TiO2 hybridized with other 
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functional elements, often prevents efficient reuse (235). Finally, similar to other 

photocatalysts, TiO2-based materials suffer from inefficient oxidation of target priority 

pollutants due to scavenging of oxidizing species (e.g., reactive oxygen species (ROS) 

such as hydroxyl radicals (•OH) and superoxide (O2•-), and photo-generated holes (h+)) 

by non-target substrates and minerals (172, 176). This is compounded by the fact that the 

TiO2 surface is hydrophilic (236), and has little affinity for hydrophobic organic 

pollutants of emerging concern, such as most pharmaceuticals, personal care products 

and other endocrine disrupting chemicals (20, 37). These technical barriers underscore 

the need for novel TiO2 composites that are robust, more efficient at adsorbing priority 

non-polar pollutants near active sites and catalyzing their photocatalytic destruction, and 

are amenable for easy (low-energy) separation and reuse. 

Our approach to enhance the affinity of TiO2 for non-polar priority pollutants (and 

bring them closer to ROS generation sites) is to anchor carboxymethyl-β-cyclodextrin 

(CD) onto the photocatalyst surface (187). CD is a promising adsorbent for separation 

and complexation of various water contaminants such as bisphenol A, DDT and ethinyl 

estradiol (237, 238). Its peculiar molecular structure, exhibiting a hydrophobic cavity 

packed by two hydrophilic outer surfaces, endows it with outstanding capability to entrap 

hydrophobic molecules (239), which would facilitate concentrating them near ROS-

generating sites for more efficient photocatalytic degradation. Food-grade cyclodextrin is 

widely used for drug delivery (240), and should be relatively benign for water treatment 

applications.  

Here we report a novel and facile method to synthesize micron-sized TiO2 

hierarchical spheres (TiO2-HS) that offer several advantages over existing TiO2-based 
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photocatalysts. The relatively large size of TiO2-HS (3 to 5 µm, compared to previously 

reported TiO2 spheres with hierarchical structures of 10 nm to submicron sizes (208, 241, 

242)) offers an opportunity to save energy during photocatalyst recovery for reuse via 

(low-pressure) microfiltration. The use of nanosheets as building blocks ensures a large 

specific surface area (even larger than Evonik P25). CD was anchored onto the surface of 

the spheres to provide hydrophobic sites to entrap and concentrate organic contaminants, 

for more effective photocatalytic degradation. Various pollutants of dissimilar 

hydrophobicity (i.e., bisphenol A (BPA), bisphenol S (BPS), 2-naphthol, and 2,4-

dichlorophenol (2,4-DCP)) were tested under different conditions to assess the 

applicability of CD-TiO2-HS. Recycling tests and surface chemistry (XPS) analyses were 

also conducted to assess photocatalyst stability. Photocatalytic performance and ease of 

separation for reuse were benchmarked against P25 to demonstrate the technical 

feasibility of this novel material for advanced water purification. 
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3.2 MATERIALS AND METHODS 

Chemicals. Titanium isopropoxide [Ti(OCH(CH3)2)4, TIP, ≥ 97 %], P25 (≥ 

99.5%), triethanolamine (≥ 99 %), diethanolamine (≥ 99 %), oleylamine (70 %), 

octylamine, hexamethylenetetramine (≥ 99 %), N, N-dimethylformamide (DMF, ≥ 99.8 

%), cyanamide (≥ 99 %), bisphenol A (BPA, ≥ 99 %), bisphenol S (BPS, ≥ 99 %), 2-

naphthol ( ≥ 99 %), 2,4-dichlorophenol (2,4-DCP, ≥ 99 %), β-cyclodextrin (≥ 99 %), 

monochloroacetic acid (≥ 99 %), superoxide dismutase (SOD) and sodium hydroxide (

≥ 99 %) were purchased from Sigma-Aldrich and used as received. Hydrochloric acid 

(36.5 %), sulfuric acid (98 %) and absolute ethanol were purchased from Millipore-

Sigma.  

Synthesis of carboxymethyl-β-cyclodextrin (CD). CD was prepared via a 

modified method reported by Rajesh Chalasani (187). Briefly, 6 g of β-cyclodextrin was 

dissolved in 10 mL of water and further mixed with 20 mL NaOH solution (7 N). 

Monochloroacetic acid solution (16.3%) was then added into the above solution. This 

final mixture was then adjusted to pH = 4 with HCl, transferred to a flask and water 

bathed at 60 oC for 4 h. Methanol (50 mL) and acetone (100 mL) were added sequentially 

to precipitate CD out after the solution cooled down to room temperature. The white CD 

was collected through centrifugation, washed with water thoroughly, and dried at 45 oC 

overnight.  

Synthesis of TiO2 hierarchical sphere (TiO2-HS) and CD-TiO2-HS. 

Triethanolamine (20 mL) was mixed with 10 mL of DMF under vigorous stirring for 30 
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min to obtain homogeneous solution. To this solution, 1.2 mL of TIP was added 

dropwise. This solution was stirred for another 30 min and then transferred to a 50 mL, 

Teflon-lined stainless-steel autoclave. The autoclave was then sealed and heated at 200 

oC for 24 h. The white precipitate was harvested by centrifugation, washed thoroughly 

with ultrapure water and ethanol in sequence. TiO2-HS was then obtained through drying 

as-obtained precipitate under 60 oC overnight. Samples were then calcinated in air at a 

ramp rate of 4 oC/min for 2 h and maintained at 500oC for another 2 h in a tube furnace 

(STF 1200, Across International). Surface modification through CD anchoring was then 

used to treat as-prepared TiO2-HS. CD (100 mg) and TiO2-HS (200 mg) were dispersed 

in 25 mL water that had been pre-adjusted to pH = 6 using phosphate buffer (0.1 M). To 

this dispersion, 200 µL of cyanamide (50% aqueous solution) was added. The reaction 

dispersion was then refluxed under 90 oC in oil bath for 6 h. The product was collected 

and washed with water thoroughly to remove possible free-standing CD molecules. 

Characterization of CD-TiO2-HS. The morphology was observed with an 

environmental scanning electron microscopy (ESEM, FEI Quanta 400F) with high 

voltage (20 kV) under high vacuum mode (chamber pressure 1.45×10-4 Pa). Transmission 

electron microscopy (TEM) images and high-resolution TEM analyses were performed 

by using a JEOL-2010 TEM with an acceleration voltage of 200 kV. The composition 

and phase of CD-TiO2-HS were evaluated using powder X-ray diffraction (XRD, Rigaku 

DMAX) with Cu Kα radiation (λ = 1.54178 Å). The specific surface was measured using 

a Brunauer–Emmett–Teller (BET) surface analyzer (Autosorb-3B, Quantachrome 

Instruments). The characterization of surface-anchored CD was performed using a FTIR 

(Fourier transform infrared spectra) Microscope (Nicolet iS50 FTIR, Thermo Scientific) 
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scanning from 4000 to 400 cm-1 in a KBr tablet. CD-TiO2-HS particle size was 

determined by dynamic light scattering (DLS) using FOQELS particle size analyzer 

(Brookhaven). Surface chemistry was analyzed by X-ray photoelectron spectroscopy 

(XPS) using a PHI Quantera SXM scanning X-ray microprobe system using a 100 μm X-

ray beam of which the take-off angle was 45°. The pass energy was 140 eV for the survey 

and 26 eV for the high-resolution elemental analysis. Thermogravimetric analysis (TGA) 

was performed on SDT Q600 (TA Instruments) at a heating rate of 10 oC/min from room 

temperature to 700 oC with a flowing air gas stream of 50 mL/min.  

Photocatalytic treatment tests. Various contaminants with dissimilar 

hydrophobicity were selected to evaluate the photocatalytic performance of CD-TiO2-HS 

in aqueous systems. Tested contaminants included BPA, an endocrine disrupting 

chemical considered a contaminant of emerging concern (36); BPS, a BPA substitute 

which has recently been reported to exhibit estrogenic effects (243); 2-naphthol, a model 

compound for naphthol contaminants; and 2,4-DCP, a cytotoxic intermediate during 

preparation of herbicides (244). A custom-designed photoreactor (Figure 3.1) was used 

for batch scale photocatalytic tests. Six UVA lamps (4W, F4T5/BLB) were installed in 

the reactor; these provided a total light intensity of 3.64×10-6 Einstein/L/s (their UVA 

spectrum is shown in Figure 3.2). The catalyst (10 mg) was dispersed in 40 mL of 

solution containing 20 ppm of contaminant at the beginning of photoreaction. Although 

such concentrations are relatively high compared to those encountered in national waters, 

they are within the range reported for industrial wastewater (245) and facilitate kinetic 

measurements. This suspension was stirred and equilibrated for 24 h, and the 

concentration of BPA was adjusted to 20 ppm before irradiation. Aliquots (1 mL) were 



 

46 

taken after predetermined intervals of irradiation time, and the catalysts were filtered out 

using 0.22 µm PTFE syringe filter. The contaminants in aliquots were measured using 

high-performance liquid chromatography (HPLC, LC-20AT Shimadzu) equipped with a 

UV-Vis detector (Table 3.1). To determine the adsorption isotherm, 0.25 mg/mL catalyst 

dispersion was prepared in which the BPA concentration was set to a range from 5 to 40 

ppm. These dispersions were stirred vigorously for 24 h to reach adsorption equilibrium. 

BPA degradation tests were also conducted in the presence of various ROS (and h+) 

scavengers to determine the primary oxidant(s). The scavengers tested include 1 mM of 

isopropanol (IPA) for •OH, 50 kU/L of superoxide dismutase (SOD) for •O2-, and 1 mM 

of sodium acetate (Acet) for electron holes (h+). 

 

Figure 3.1. Picture and schematic diagram of customer-designed photoreactor (a, b) 

and modular continueous flow reactor (c, d). 



 

47 

 

Table 3.1. Analysis method and detection limit of contaminants using high-

performance liquid chromatography (HPLC) 

Contaminant 0.1% formic 

acid in water 

(%) 

Acetonitrile 

(%) 

Detection 

wavelength 

(nm) 

Detection 

Limit (mg/L) 

BPA  40 60 218 0.1 

BPS 70 30 260 0.1 

2-naphthol 50 50 230 0.05 

2,4-DCP 40 50 220 0.1 

Catalyst recovery. Separation test in batch scale was performed by filtering 200 

mL of CD-TiO2-HS dispersion (0.25 mg/mL) through OmniporeTM PTFE 

(Polytetrafluoroethylene) membrane (JCWP04700, Millipore-Sigma) of different 

nominal pore sizes. The membrane was assembled into Millipore Sigma Amicon® 

filtration Cell and filtrate was collected for further TiO2 quantification. To achieve over 

99.5% recovery, a submicron (0.8 µm) pore-size membrane was used for P25 separation, 

while an 11-µm pore-size membrane is employed for CD-TiO2-HS. The differential 

Figure 3.2. Spectrum of UVA lamps for photocatalytic reaction. 
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pressure required for catalyst recovery was measured by a customized pressure vessel 

(Alloy Products Corp.).  

Acid digestion of TiO2 was carried out to turn potentially leached undissolved 

TiO2 into dissolved Ti4+, in preparation for the inductively coupled plasma optical 

emission spectrometry (ICP-OES) measurement. Acid digestion followed the protocol 

described by Standard method 3030 G for water and wastewater analysis (246, 247). Ti4+ 

concentration was evaluated by ICP 4300 with plasma flow of 15 mL/min and nebulizer 

flow of 0.7 mL/min. 

Catalyst stability and reuse test. The stability of CD-TiO2-HS photoactivity was 

tested through repeated usage for 10 cycles. At the beginning of each cycle, the BPA 

concentration in solution was 20 mg/L and catalysts were collected and dried for next 

cycle after 2 h of UVA irradiation. The photoactivity of the catalyst was also evaluated 

after long-term use in water (100 h to 500 h) to assess its stability. The catalyst after use 

was characterized with TGA, FTIR and XPS to discern possible chemical changes of 

surface anchored CD. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Size controlled synthesis of cyclodextrin-anchored TiO2 hierarchical 

sphere.  

A novel strategy to synthesize micron sized TiO2-HS was developed, and the 

photocatalyst was subsequently coated with CD (i.e., CD-TiO2-HS, Figure 3.3), to 

respectively address two common limitations of photocatalytic water treatment: (1) 

energy-intensive separation and recovery of the photocatalyst slurry, and (2) inefficiency 

associated with scavenging of oxidation capacity by non-target water constituents. First, 

TiO2-HS was fabricated through a simple one-pot hydrothermal method (Figure 3.3). 

Different synthesis conditions were used to better understand the formation 

mechanism of this nanosheet assembled flower-like sphere. It is postulated that 

nucleation sites were originally formed through Ostwald ripening (248). Triethanolamine 

was used as structure directing agent to induce randomly oriented anisotropic growth of 

TiO2 nanosheets (249). After extended hydrothermal reaction, these nanosheets readily 

self-organize and grow into hierarchical spheres with large diameters, since the 

Figure 3.3. Two-step synthesis of CD-TiO2-HS. Fabrication of TiO2-HS through 

one-pot hydrothermal reaction followed by surface anchoring of CD. 
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nanosheets are fairly supple (250). Further SEM analyses of samples collected at 

different intervals during hydrothermal reaction corroborated the postulated growth 

mechanism of TiO2-HS (Figure 3.4).  

Figure 3.4 shows the SEM images of CD-TiO2-HS, in which the constituent 

nanosheets and mesoporous structure are clearly visible. The diameter of TiO2-HS 

particles was in the range of 3-5 µm (Figure 3.5. a, b), which was corroborated by 

dynamic light scattering (DLS) (i.e., the average hydrodynamic diameter of 3.75 µm, 

Table 3.2). These particles are much larger than previously reported TiO2 spheres with 

hierarchical structures (10 nm to submicron sizes) (241, 251).  

Figure 3.4. SEM images of TiO2 hierarchical sphere (TiO2-HS) after different 

reaction time (2, 6, 12 and 24 hours). 
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SEM images of (a) CD-TiO2-HS single particle and (b) nanosheets building blocks show 

micron sized and hierarchical structure. HR-TEM images of (c) edge of CD-TiO2-HS and 

(d) magnification of selected spot illustrates the thinness (7.5 to 10 nm) of these 

nanosheets. 

 

This relatively large size was achieved without sacrificing large surface area due 

to the nanosheet-based hierarchical structure. Specifically, CD-TiO2-HS had a BET 

surface area of 145.2 m2/g, compared to 50.8 m2/g for P25 TiO2 (Table 3.3) and 49.6 to 

170 m2/g for previously reported TiO2 spheres with hierarchical structures (242, 251). 

The benefits of the larger particle size related to more facile photocatalyst recovery with 

lower energy consumption are discussed later. Figure 3.5.c shows high-resolution 

transmission electron microscopy (HR-TEM) image of CD-TiO2-HS surface with 

irregularly oriented nanosheets. This corroborates that CD-TiO2-HS had a hierarchical 

Figure 3.5. SEM and TEM images of CD-TiO2-HS. 
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structure assembled from nanosheets. The typical thickness of nanosheets was 7.5 to 10 

nm based on the TEM image (Figure 3.5 d). Similar nanosheet thicknesses have been 

reported for submicron-sized TiO2 photocatalyst with hierarchical structures (7 to 20 nm) 

(242, 250). 

Table 3.2. Average particle size CD-TiO2-HS and P25 in DI water or secondary 

effluent characterized with dynamic light scattering (DLS). 

Catalyst Name Particle size in DI water 

(µm) 

Particle size in secondary 

effluent (µm) 

Evonik P25 0.3 ± 0.04 0.8 ± 0.12 

CD-TiO2-HS 3.75 ± 0.6 3.68 ± 0.8 

 

Table 3.3. Specific surface aree of different catalyst. 

Catalyst Name Specific Surface Area (m2/g) 

Evonik P25  50.8 

TiO2-HS 151.4 

CD-TiO2-HS 145.2 

The hydrothermal reaction product was amorphous, based on its XRD pattern 

(Figure 3.6 a). TiO2-HS after calcination is composed of pure anatase crystallites (JCPDS 

21-1272), and shows typical major peak at 2θ = 25o (101), along with five minor peaks at 

2θ = 37.87o (004), 48.24o (200), 54.86o (211), 63.01o (204) and 69.10o (220) in the XRD 

pattern (252). Surface capping with CD did not affect the crystallites, as indicated by the 

virtually identical XRD patterns for both TiO2-HS and CD-TiO2-HS (Figure 3.6 a). 

Successful anchoring of CD was confirmed through peak identification from FTIR 

spectrum (Figure 3.6 b). Three bands at 2929 cm-1, 1157 cm-1, and 1029 cm-1 were 

identified from the spectra of CD-TiO2-HS which represent C-H stretch, C-O stretch of 

cyclodextrin and the O-C-O antisymmetric glycosidic vibrational modes respectively 
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(187). CD was anchored onto TiO2-HS through covalent Ti-O-C bonds (253). TGA 

analysis shows that 20% (w/w) of CD-TiO2-HS was composed of CD molecules (Figure 

3.6 c). 

(a) XRD patterns of amorphous TiO2-HS, TiO2-HS and CD-TiO2-HS with Cu Kα 

radiation (λ = 1.54178 Å). A pure anatase phase was obtained after thermal treatment of 

amorphous TiO2-HS. (b) FTIR spectra of CD, CD-TiO2-HS and CD-TiO2-HS exposed to 

UVA for 300 h indicates successful and stable surface anchoring of cyclodextrin. (c) 

Thermogravimetric analysis of CD-TiO2-HS before and after 300 h of UVA irradiation 

indicates no significant loss of CD after UV exposure. 

3.3.2 Improved photocatalytic treatment by TiO2-HS through CD 

anchoring.  

CD anchoring significantly enhanced the photoactivity of TiO2-HS (Figure 3.7 a). 

Using an identical amount (0.25 mg/mL) of catalysts, 90% removal of BPA was achieved 

within one hour with CD-TiO2-HS, versus 2.5 h with TiO2-HS. BPA degradation 

followed first order kinetics with a rate constant (k) of 0.049 ± 0.006 min-1 for CD-TiO2-

HS, which is 2.6-fold higher than that for TiO2-HS (0.019 ± 0.002 min-1) (Table 3.4). 

About 85.1% of BPA was mineralized within 3 h in the presence of CD-TiO2-HS (versus 

65.6% for CD-TiO2) as indicated by the removal of total organic carbon (TOC) (Figure 

3.7 b). BPA degradation tests were also conducted in the presence of various ROS (and 

h+) scavengers to determine the primary oxidant(s). Results indicate that hydroxyl 

Figure 3.6. Characterizations of TiO2-HS and CD-TiO2-HS. 
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radicals were the dominant oxidant responsible for photocatalytic degradation of BPA 

(Figure 3.8). 

CD-TiO2-HS degraded BPA (20 ppm) faster than TiO2-HS. All tests were conducted with 

0.25 mg/mL TiO2-HS and CD-TiO2-HS under UVA irradiation (365nm, 0.675 mW/cm2) 

at pH = 6.86. (b) TOC (initial concentration of 16 ppm) removal within 3 h w/o catalyst, 

in the presence of TiO2-HS and CD-TiO2-HS respectively. 

Table 3.4. First-order rate constant (k) of BPA removal with different catalysts 

Catalyst Name Reaction constant k 

(min-1) 

Evonik P25  0.037 ± 0.003 

TiO2-HS 0.019 ± 0.002 

CD-TiO2-HS 0.049 ± 0.006 

 

The improved photoactivity of CD-TiO2-HS was likely due to BPA sorption by 

CD near photocatalytic sites (254). The central cavity of CD is composed of glucose 

monomers linked with skeletal carbon and ethereal oxygen (255). Therefore, the 

anchored CD molecules create hydrophobic cavities that can sorb BPA and concentrate it 

on the particle surface where heterogeneous photocatalysis takes place. The 

photogenerated ROS (with typical lifetimes of only a few microseconds) (170, 183, 256) 

would, therefore, have a higher likelihood of oxidizing BPA (or other adsorbed priority 

pollutants) rather than being scavenged by other constituents in the bulk solution. 

Figure 3.7. Photocatalytic degradation of BPA enhanced by cyclodextrin coating. 
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Enhanced BPA sorption capacity as a result of CD surface capping was confirmed 

through adsorption kinetics and isotherm analyses (Figure 3.9). BPA adsorption followed 

pseudo-second-order kinetics (Figure 3.10) and equilibrium was reached at about 20 h. 

Equilibrium adsorption was adequately described by the Langmuir isotherm, and the 

maximum adsorption capacity was 2.5-fold higher for CD-TiO2-HS than pristine TiO2-

HS. 

50 kU/L of superoxide dismutase (SOD) for superoxide, 1 mM of isopropanol (IPA) for 

hydroxyl radicals, and 1 mM of sodium acetate (Acet) for electron holes. 

Photocatalytic degradation tests were also conducted with BPS, 2-naphthol and 

2,4-DCP to evaluate removal of contaminants with different hydrophobicity (Figure 3.11 

and Table 3.5). First-order rate constants for degradation of BPS, 2-naphthol and 2,4-

DCP by CD-TiO2-HS were 0.034 ± 0.004, 0.033 ± 0.002 and 0.060 ± 0.010 min-1, 

respectively. Compared with TiO2-HS, CD anchoring increased the removal rate of BPS, 

2-naphthol and 2,4-DCP by 2.6-, 1.5- and 6-fold, respectively. This is consistent with our 

hypothesis that enhanced contaminant entrapment by CD close to photocatalytic sites 

Figure 3.8. BPA photodegradation in the presence of different oxidizing species. 
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enhances treatment, and supports our “trap and zap” strategy to enhance photocatalytic 

water treatment (200).  

(a) Equilibrium is reached in about 24 h for both systems, and (b) anchoring CD onto 

TiO2-HS (i.e., CD-TiO2-HS) significantly increases sorption capacity. 

Figure 3.9. Cyclodextrin coating enhanced BPA sorption by TiO2-HS. 



 

57 

Tests were also conducted with a mixture of the aforementioned contaminants to 

gain further insight into the removal process when several competing species are present 

(Figure 3.11). The photodegradation of each contaminant was inhibited in the presence of 

other compounds competing for ROS, though CD anchoring (and associated entrapment) 

again enhanced degradation kinetics relative to uncoated TiO2-HS (Table 3.5). This 

enhancement was not correlated to the hydrophobicity of the contaminants (indicated by 

log Kow), which is consistent with a previous report that CD can entrap a wide range of 

pollutants with different hydrophobicity . 

 

Table 3.5. First-order rate constant (k) of different contaminants removal with 

TiO2-HS (kTi) or CD-TiO2-HS (kCD-Ti) 

Contaminant kTi (min-1) kTi (min-1)  

(in mixture) 

kCD-Ti (min-1) kCD-Ti (min-1) 

(in mixture) 

BPA  0.019 ± 0.003 0.007 ± 0.003 0.049 ± 0.006 0.021 ± 0.006 

BPS  0.013 ± 0.002 0.012 ± 0.001 0.034 ± 0.004 0.028 ± 0.004 

2-naphthol 0.023 ± 0.001 0.015 ± 0.001 0.033 ± 0.002 0.026 ± 0.002 

2,4-DCP 0.010 ± 0.001 0.006 ± 0.001 0.060 ± 0.010 0.019 ± 0.002 

 

Figure 3.10. BPA adsorption (under dark conditions) modeled by pseudo second 

order model. 
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Photocatalytic degradation tests with BPA were also conducted in the context of 

secondary effluent polishing. The secondary effluent (TOC = 17 mg/L) was collected 

from an activated sludge treatment plant (West University Place, Houston, TX) (Table 

3.6). A decrease in degradation efficiency was observed for BPA spiked into the effluent 

compared to DI water, possibly due to the presence of background ROS scavengers 

(174). In DI water, 99.7% of BPA was removed within 2 h, while only 79.6% of BPA 

was degraded after 3 h treatment in secondary effluent. BPA degradation by CD-TiO2-HS 

in secondary effluent was monitored over 4 cycles (Figure 3.13). Progressive loss of 

photoactivity was observed in these tests, with BPA removal decreasing to 29.8% by the 

fourth cycle. This loss of photocatalytic activity can be partly attributed to organic matter 

present in the secondary effluent (EfOM), which not only scavenges photogenerated ROS 

but also competes with BPA for CD sorption sites. These data corroborate that 

photocatalytic water treatment efficiency generally decreases from ideal systems (e.g., DI 

water) to more realistic scenarios in the presence of inhibitory compounds (203). 

Nevertheless, whereas secondary effluent polishing with CD-TiO2-HS experienced a 

significant decrease in efficiency, this decrease was not as dramatic as that observed with 

P25 slurry, which exhibited only 10.6% BPA removal after the first cycle (Figure 3.13). 

Apparently, photocatalytic treatment with P25 is more susceptible to inhibition by EfOM 

because (unlike CD-TiO2-HS) it does not concentrate BPA near photocatalytic sites to 

minimize ROS scavenging (190).  
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Table 3.6. Water quality data of the secondary effluent from a wastewater treatment 

plant in Houston, TX (i.e., West University Place WWTP). 

a TOC  pH b DO  c TDS  Conductivity d UV254  

(mg/L) (-) (mg/L) (mg/L) (μS/cm) (-) 

17.11 ± 0.23  6.99 ± 0.01 6.89 ± 0.31  425 ± 17.5  
770.70 ± 

0.10  

0.156 ± 

0.001  

a TOC: total organic carbon, b DO: dissolved oxygen,  

c TDS: total dissolved solid, d UV254: UV-absorbance at 254 nm. 

 

CD-TiO2-HS degraded (a) BPS, (b) 2-naphthol and (c) 2,4-DCP faster than TiO2-HS. All 

tests were conducted with 0.25 mg/mL TiO2-HS and CD-TiO2-HS under UVA irradiation 

(365nm, 3.64×10-6 Einstein/L/s) at pH = 6.86. The photocatalytic degradation 

enhancement factor (represented as ratio of kCD-Ti (i.e., the first-order rate constant with 

CD-TiO2-HS) over kTi (i.e., the first-order rate constant with TiO2-HS)) was 2.6, 1.5 and 

6.0 for BPS, 2-naphthol and 2,4-DCP respectively. 

Photoactive stability of P25 in secondary effluent was also evaluated through 

similar cycling tests. P25 lost its photoactivity faster than CD-TiO2-HS (e.g., only 10.5% 

Figure 3.11. Photocatalytic degradation of contaminants enhanced by CD coating. 
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of BPA was removed by P25 on the second cycle (Figure 3.13)). Significant aggregation 

of P25 (Table 3.2), possibly exacerbated by multivalent ions such as Ca2+ (179), is 

conducive to decreased surface area and photoactivity. Aggregation of CD-TiO2-HS was 

less favorable due to its micron-sized primary particle structure (260), which is an 

important advantage. 

All tests were conducted with 0.25 mg/mL TiO2-HS and CD-TiO2-HS under UVA 

irradiation (365nm, 3.64×10-6 Einstein/L/s) at pH = 6.86. The photocatalytic degradation 

enhancement factor (represented as ratio of kCD-Ti (i.e., the first-order rate constant with 

CD-TiO2-HS) over kTi (i.e., the first-order rate constant with TiO2-HS)) was 3.0, 2.3, 1.7 

and 3.2 for BPA, BPS, 2-naphthol and 2,4-DCP respectively. 

 

 

 

Figure 3.12. Photocatalytic degradation of a mixture of contaminants ((a) BPA (b) 

BPS, (c) 2-naphthol) and (d) 2,4-DCP) enhanced by cyclodextrin coating. 
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represented as ratio of kCD-Ti (i.e., the first-order rate constant with CD-TiO2-HS) over kTi 

(i.e., the first-order rate constant with TiO2-HS) 

 

3.3.3 Low-energy photocatalyst recovery via microfiltration.  

The application of commercial TiO2 nanoparticles (such as P25 and P90) as 

photocatalytic slurries requires separation (often via ultrafiltration or nanofiltration) to 

prevent release into treated water and recover for reuse. This consumes significant 

amounts of energy which, in some cases, can even exceed the energy consumption of the 

UV lamps needed to induce photocatalytic degradation (13). The relatively large size of 

CD-TiO2-HS without sacrificing surface area relative to nano-sized particles would 

therefore be critical to lower the energy requirements for photocatalyst recovery (Table 

3.3). Using an 11-µm pore membrane, CD-TiO2-HS was much easier to recover than 

P25, with over 99.5% retained compared to 75% for P25 (88% P25 retention with 6-µm 

membrane) (Figure 3.14). Although the primary particle size of P25 is 21 nm, its 

Figure 3.13. Removal of BPA by CD-TiO2-HS or P25 with 3 h irradiation cycles. 
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agglomerated average hydrodynamic diameter over 300 nm (Table 3.2), which facilitated 

its retention by microfiltration.  

(a) 100% leaching means no TiO2 nanoparticle was retained by filtration. (b) Pressure 

needed for particle separation by filtration and resulting permeate flux. To achieve over 

99.5% recovery of the photocatalyst, 0.8-µm pore-size PTFE membrane was used for P25 

and 11-µm pore-size membrane for CD-TiO2-HS. 

Transmembrane pressure measurements show that a six-fold higher pressure was 

required for P25 recovery (15.6 psi) compared to CD-TiO2-HS (2.56 psi) using 

microfiltration with the 11-µm pore filters. The permeate flux for CD-TiO2-HS (5.56 

mL/s) was 50 times higher than that for P25 (0.12 mL/s) (Figure 3.14 b), which was 

corroborated by the combined pore blockage- cake filtration model (261) (Figure 3.15). 

Furthermore, note that ultrafiltration is needed to retain TiO2 nanoparticles that do not 

Figure 3.14. CD-TiO2-HS is much easier to recover than suspended P25 powder 

using filter paper with various pore sizes, ranging from 6 to 25 µm. 
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agglomerate, including those stabilized to maintain high surface area and photoactivity 

(19, 262). The transmembrane pressure needed to separate 30-nm TiO2 nanoparticles 

using cross-flow ultrafiltration has been previously evaluated (19), and a permeate flux of 

6.8 x 10-3 mL/s was measured under a transmembrane pressure of 14.5 psi. This permeate 

flux is three orders of magnitude lower than that for CD-TiO2-HS (5.56 mL/s). Moreover, 

CD-TiO2-HS is more amenable to separation by settling than P25 (Figure 3.16). These 

findings reinforce that the relatively large primary particle size of CD-TiO2-HS 

represents a significant advantage related to faster separation with much lower pressure 

(and thus less energy) requirements.  

 

To assess the stability and durability of CD- TiO2-HS, particles were dispersed in 

a modular continuous flow reactor (Figure 3.1 c, d) and the outflow was filtered through 

an inline filter. A microfiltration membrane with 11 µm pore size was similarly selected 

for CD-TiO2-HS separation. The TiO2 concentration in leachate was monitored after the 

Figure 3.15. Pore-blockage and cake filtration modeling 
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1st, 2nd, 5th and 10th backwash cycles (Figure 3.17). Less than 1.6% of the photocatalyst 

was lost after 10 cycles. The average equivalent Ti concentration in effluent was about 

0.06 mg/L, which is lower than recommended Ti concentration in drinking water (0.1 

mg/L) (263). The contribution to TOC from potential disintegration of CD was also 

estimated to be negligible. 

 

 

Figure 3.16. Gravity separation (i,e., settling) of CD-TiO2-HS after and P25 

Figure 3.17. CD-TiO2-HS retained by microfiltration. Mt represents the total mass 

of CD-TiO2-HS after ten numbers of cycles. 
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3.3.4 Stability considerations.  

Ensuring stable photoactivity under UV irradiation is critical to practical water 

treatment applications, especially for surface modified nanoparticles that could lose their 

coating. CD has been reported to degrade in aqueous solutions linearly with time under 

harsher UVC irradiation conditions (λ = 254 nm and 1.41×10-5 Einstein/L/s) (264), with 

complete mineralization of 1 g/L within 250-300 h. Since CD degradation hinders the 

ability of CD-TiO2-HS to adsorb BPA close to ROS generation sites for enhanced 

photocatalytic efficiency, we examined the potential loss of photocatalytic activity over 

ten consecutive cycles under milder UVA irradiation (λ = 365 nm and 3.6×10-6 

Einstein/L/s). In these tests, no loss of photocatalytic BPA degradation activity by UVA-

irradiated CD-TiO2-HS was observed (>99% removal over 2 h), (Figure 3.18 a). To better 

assess the stability of CD-TiO2-HS after extended usage, photoactivity of CD-TiO2-HS 

after prolonged exposure was also tested. BPA removal efficiency was stable for the first 

300 h of UVA exposure, decreasing only slightly from 99.7 % to ca. 97.4 % after CD-

TiO2-HS was pre-exposed to UVA for 300 h (Figure 3.18 b). However, a significant loss 

of photoactivity was observed after 400 h. BPA removal within 2 h was 83.6%, which is 

similar to the removal efficiency with uncoated TiO2-HS.  

Further analyses were conducted to discern chemical changes on the CD-TiO2-

HS structure after use. CD-TiO2-HS were collected after exposure to UVA irradiation 

and analyzed with XPS (Figure 3.19). A new peak at 288.9 eV was observed after UVA 

irradiation, corresponding to O=C-OH bonds likely produced from oxidation of C-OH 

groups (Table 3.7). During the first 300 h, a minor decrease in percentage of carbon 

atoms indicates insignificant loss of CD coating. This is consistent with FTIR spectra 
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(where no significant change in the relative abundance of surface functional groups was 

observed) and TGA analysis (where only a small (2.5%) weight loss of anchored CD 

occurred after 300 h UVA exposure (Figure 3c)). XPS data indicate that the relative 

abundance of ether (C-O-C) groups (286.35 eV), which are mainly present in 

glucopyranose units in the central cavity of CD (242), increased after exposure to UVA 

for 300 h from 19.0 to 24.7 % (Table 3.7). This increase was mainly due to carbon losses 

during CD degradation, such as carboxylic groups that are prone to be released as CO2 

(264). As a result of CD degradation, the carbon content (i.e., elemental composition (%), 

C 1s) present in the photocatalyst decreased from 15.8% to 13.6% (Table 3.7). However, 

the total abundance of C-O-C groups in the photocatalyst (calculated as its relative 

abundance in CD times carbon content in the photocatalyst (265)) remained constant at 

about 3% (Table 3.7). Thus, glucopyranose units were retained in the central cavity of 

CD, which is consistent with the observed BPA sorption and enhanced photocatalytic 

activity within the first 300 h (Figure 3.18).  

Carbon loss became significant (70%) after 500 h of UVA irradiation (Table 1, 

Figure 3.20). This is likely due to the cleavage of glucopyranose units. The central cavity 

would have been deconstructed generating smaller organic molecules (e.g., formic acid, 

acetic acid) (264). Destruction of the central cavity results in significant loss of sorption 

capacity. This corresponds well with the loss of removal efficiency with CD-TiO2-HS 

observed after 400 h, which approached that of uncoated TiO2-HS. Although CD 

degradation is likely to begin at the onset of UV irradiation, the rate, extent and 

significance of these transformations on CD-TiO2-HS performance depend on the 
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irradiation wavelength and intensity. Since CD-TiO2-HS retains its relatively high 

activity for up to 400 h of UVA irradiation, it is a promising candidate for repeated use. 

(a) CD-TiO2-HS recaptured for ten cycles and (b) CD-TiO2-HS pre-exposed to 

continuous UVA irradiation for various durations (20, 45, 100, 145 and 300 h). 

 

 The eventual deterioration of CD-TiO2-HS would require its replacement –or re-

anchoring of CD to the spent catalyst, which would be a relatively simple “rejuvenation” 

process. Around 70% of CD was degraded and detached from CD-TiO2-HS after 500 h 

according to XPS analysis (Table 3.7, Figure 3.20). Moreover, the residual coating is 

Figure 3.18. Reusability and stable activity of CD-TiO2-HS after repeated 

photocatalytic degradation of BPA in DI water. 
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mainly composed of short chain carboxylic acids originating from CD cleavage (264). 

Therefore, a relatively accessible surface would be left after long-term usage, and multi-

layer coating by CD (which would reduce the contact between adsorbed contaminants 

and TiO2-HS) is unlikely to occur through re-anchoring. Here, CD re-anchoring, which is 

a relatively simple process, fully replenished enhanced photocatalytic degradation by 

CD-TiO2-HS, with 90.4% (w/w) of the catalyst regenerated (Figure 3.21, Table 3.8).  

 

 

 

 

Figure 3.19. XPS spectra of C1s region for CD-TiO2-HS after exposure to UVA for 

(a) 0 h, (b) 100 h, (c) 300 h and (d) 500 h. 
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Table 3.7 Elemental and chemical bonds composition of CD-TiO2-HS after different 

exposure time. 

UVA 

irradiation 

time (h) 

Elemental composition 

of photocatalyst (%) 

Chemical bond 

composition (relative 

abundance, %) 

C-O-C 

abundance 

in 

photocatal

yst (%)a 
Ti 2p O 1s C 1s C-C C-O-

C 

O=C-

OH 

0 24.0 ± 

1.07 

60.2 ± 

1.43 

15.8 ± 

0.21 

69.2 19.0 NA 3.0  

100 25.1 ± 

0.89 

61.7 ± 

1.50 

13.2 ± 

0.16 

67.2 22.4 10.4 3.0  

300 24.3 ± 

1.02 

62.1 ± 

1.27 

13.6 ± 

0.11 

65.4 24.7 9.9 3.3  

500 27.1 ± 

1.11 

68.0 ± 

1.76 

4.9 ± 

0.04 

63.3 23.1 13.6 1.1 

 

 

 

In photocatalytic water treatment, materials costs tend to be small compared to 

energy costs, and separation and recovery of a TiO2 slurry generally requires more energy 

than the UV lamps used for photo-excitation (13). Thus, periodic replacement or 

Figure 3.20. Carbon content loss of CD-TiO2-HS during long-term exposure to 

UVA. 
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replenishment of CD-TiO2-HS would be offset by significant savings in photocatalyst 

separation. Further research could improve our approach to enhance TiO2 affinity for 

non-polar pollutants (and bring them closer to reactive sites), through coatings that are 

more resistant to radical attack (e.g., porous fluorinated polymers) that increase the 

sorption capacity and photocatalytic stability of easily-separable TiO2-HS. 

  

Table 3.8. Mass change of CD-TiO2-HS before and after “rejuvenation” process. 

 Catalyst used time (h) Catalyst 

regeneration 

Recovery (%) 

0 500 

Weight of 

catalyst (mg) 

10 7.1 9.04 90.4% 

 

Figure 3.21. Photocatalytic degradation of BPA with fresh CD-TiO2-HS or 

regenerated CD-TiO2-HS (with re-anchored CD). 
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Chapter 4 

Improved Stability and Sustained Photoactivity of 

Crosslinked Cyclodextrin Coated TiO2 

Microspheres 
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4.1 INTRODCUTION 

Photocatalytic water treatment has significant potential to disinfect (108) and 

degrade a wide variety of recalcitrant organic pollutants (266) while minimizing the need 

to add chemicals (8, 14). However, current photocatalytic water treatment processes have 

low energy efficiency due to low quantum yield, poor utilization of photo-generated 

reactive oxygen species (ROS), and high energy requirements to recover suspended 

photocatalysts by high pressure filtration (267, 268). To overcome these limitations, we 

previously developed micron-sized TiO2 hierarchical spheres and decorated them with 

cyclodextrin (CD-TiO2). The large size (3 to 5 µm) of the particles facilitated low-energy 

recovery by low-pressure microfiltration, and we showed that cyclodextrin (CD) was an 

effective coating that could sorb micropollutants close to the photocatalytic sites, 

enabling an efficient “trap and zap” strategy (269). Other examples of “trap and zap” 

photocatalytic materials for water treatment include TiO2 modified with chelating ligands 

(189), carbon based nanocomposites (e.g., graphene (201), zeolite (195)), and porous 

electronspun fibers (203).  

These examples along with our prior work demonstrate that concentrating target 

contaminants near ROS-generating sites improves the utilization of ROS, mitigating 

performance inhibition by co-occurring ROS-scavenging species. However, the CD-TiO2 

particles previously reported had limited durability. Specifically, significant loss of 

activity was observed after 400 hours of use (under 3.64 x 10-6 Einstein/L/s, λ = 365 nm) 

due to ROS-attack of cyclodextrin (269). This underscored the need to develop ROS-
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resistant surface coatings that do not significantly hinder light penetration (for successful 

activation) and are able to concentrate target pollutants close to photocatalytic sites.  

Fluorine containing polymers tend to be chemically stable and relatively 

unreactive compared to their non-fluorinated counterparts (270, 271), and their durability 

as a photostable material has been demonstrated (272). Furthermore, cross-linked 

polymeric coatings have been proven to exhibit superior stability compared to single-

stranded polymers or small molecules as coating substances (273, 274). Therefore, we 

hypothesized that cyclodextrin crosslinked with fluorinated polymers would be effective 

for trapping moderately hydrophobic pollutants, and be resistant to ROS attack. 

Here, we report hierarchical TiO2 microspheres coated with a cross-linked, 

fluorine-containing β-cyclodextrin polymers (CDP-TiO2). Micron-sized TiO2 hierarchical 

spheres were utilized as photocatalysts because they are composed of an earth abundant, 

relatively inexpensive material, and are amenable for low-cost separation and reuse (e.g., 

by low-pressure filtration). We describe the preparation of these microspheres, 

demonstrate their effectiveness in the uptake and degradation of bisphenol A (BPA), and 

study their performance under multiple and long-term photodegradation studies. The 

performance of CDP-TiO2 was benchmarked against CD-TiO2 and commercial TiO2 

(Evonik P25) for photocatalytic removal of BPA in a secondary effluent polishing 

context. The stability of anchored CDP was evaluated by monitoring total organic carbon 

(TOC) released in CDP-TiO2 dispersion during continuous irradiation, and the long-term 

performance of CDP-TiO2 was assessed and compared to CD-TiO2 under similar 

conditions. 
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4.2 MATERIALS AND METHODS 

Chemicals. Tetrafluoroterephthalonitrile (≥99%), K2CO3 (≥99%), anhydrous 

tetrahydrofuran (THF, ≥99.9%), Titanium isopropoxide (Ti(OCH(CH3)2)4,TIP, ≥

97%), P25 (≥99.5%), triethanolamine (≥99%), diethanolamine (≥99%), cyanamide (

≥99%), β-cyclodextrin (≥99%), N,N-dimethylformamide (DMF, ≥99.8%), bisphenol 

A (BPA,≥99%), KH2PO4 (≥99%), Hydrochloric acid (36.5%), Acetonitrile (≥99%) 

were purchased from Sigma Aldrich. 

Synthesis of β-cyclodextrin polymer (CDP). The synthesis of CDP followed a 

modified procedure reported by Alsbaiee et al. (241). In detail, β-cyclodextrin (600 mg, 

0.53 mmol), tetrafluoroterephthalonitrile (300 mg, 1.5 mmol) and K2CO3 (900 mg, 6.5 

mmol) were dispersed in anhydrous THF (12 mL) and degassed with nitrogen. The 

solution was sealed in a pressure vessel and heated at 85 °C under constant stirring for 48 

h. The orange suspension was cooled down naturally and then transferred into 1 M HCl 

to remove excessive K2CO3. The pale-yellow products were filtered out using 0.22 µm 

PTFE syringe filter, washed thoroughly with ethanol and DI water, and dried under 

vacuum at 60 °C overnight. 

Synthesis of bare TiO2 microsphere and CDP-TiO2. The synthesis of the of 

TiO2 microspheres followed the methodology previously reported by Zhang (269). TiO2 

microspheres were fabricated via a hydrothermal method with TIP as the precursor. In 

detail, 1.2 mL of TIP was added dropwise into a well-mixed triethanolamine (20 mL) and 

DMF (10 mL) solution. The mixture was constantly stirred for 30 min, transferred into a 
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50 mL Teflon-lined stainless-steel autoclave, and heated at 200 oC for 24 h. The products 

were collected by centrifugation and calcinated under 550 oC to remove remaining 

impurities. Next, CDP was anchored onto the as-prepared TiO2 microspheres. CDP (50 

mg), TiO2 microspheres (200 mg) and 200 µL of cyanamide (50% aqueous solution) 

were dispersed in 25 mL buffered water (0.1 M phosphate, pH = 6). The mixture was 

then refluxed under 90 oC in oil bath for 8 h. The product was collected and washed with 

water thoroughly to remove impurities. 

Characterization of CDP-TiO2 materials. The morphology of CDP-TiO2 

materials was observed by scanning field emission electron microscope (FE-SEM, 

TESCAN) at 10 kV. FTIR (Fourier transform infrared spectra) was obtained preparing a 

KBr tablet and scanning from 4000 to 400 cm-1 in a Nicolet iS50 Thermo Scientific 

instrument. Thermogravimetric analysis (TGA) was performed on SDT Q600 (TA 

Instruments) at a heating rate of 10 °C/min from room temperature to 700 °C with a 

flowing air gas stream of 50 mL/min. The materials were analyzed by measuring the N2 

adsorption isotherms at -196 °C using the surface analyzer instrument Autosorb-3B, 

Quantachrome. The samples were degassed at 100 °C during 12 h before the analysis. 

The specific surface area was calculated using the Brunauer–Emmett–Teller (BET) 

equation, and the pore size distribution was calculated using the Barret–Joyner–Halenda 

(BJH) method. 

BPA adsorption tests. The catalyst (20 mg) was dispersed into 40 mL solution 

with an initial BPA concentration of 20 mg/L. Aliquots (200 µL) were taken at 

predetermined time intervals, and the remaining BPA in the solution was analyzed to 

obtain the adsorption kinetics.  
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The BPA concentration was determined by HPLC (LC-20AT, Shimadzu) 

chromatography equipped with a UV-vis detector. A dC18 reverse-phase column 

(Atlantis, 3 µm, 3.9x15 mm, Waters), was used for separation with acetonitrile – water 

(60:40; v:v) at a flow rate of 1 mL min-1.  The amount of BPA adsorbed was calculated 

using the equation: qe = (Ci −Ce)V/m, where qe is the adsorbate amount adsorbed on the 

adsorbent at equilibrium (mg/g), Ci is the initial concentration in water (mg/L), Ce is the 

final equilibrium concentration in water (mg/L), V is the solution volume (L), and m is 

the mass of the adsorbent (g). To characterize adsorption kinetics, time course data were 

fit to a pseudo-second order kinetic model, which considers a two-step adsorption process 

involving solute diffusion through the adsorbent and then chemical sorption as the rate-

limiting step (275). Adsorption of solutes to complex materials with abundant and diverse 

adsorption sites tends to follow pseudo-second order kinetics (276), where the rate of 

change in the amount adsorbed (dq/dt) is proportional to the squared difference between 

the equilibrium adsorption capacity (qe) and the amount adsorbed at any time (q): 

𝑑𝑞

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞)2                            (1)                                                                              

Equation 4.1. Pseudo-second order iknetic adsorption model. 

where k2 is the adsorption rate constant. Equation 4.1 can be integrated to:  

𝑞 = (𝑞𝑒
2𝑘2𝑡) (1 + 𝑞𝑒𝑘2𝑡)⁄               (2) 

Equation 4.2. Pseudo-second order iknetic adsorption model (Integrated). 
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The catalyst (20 mg) was dispersed into 40 mL solution with various initial BPA 

concentration (10 – 200 mg/L) for adsorption isotherm test. The equilibrium 

concentration of BPA was analyzed after 24 h. 

Photocatalytic degradation of BPA and evaluation on catalyst stability. The 

photocatalytic activity of the CDP-TiO2 was tested in a batch system with Six UVA 

lamps (365nm, 4 W, F4T5/BLB) irradiation. The photon flux was 3.83x10-6 Einstein/L/s 

measured by actinometry (277). The catalyst (20 mg) was dispersed into 40 mL BPA 

solution (20 mg/L) in a quartz beaker. Aliquots (1 mL) were taken after predetermined 

intervals of irradiation time, and the catalysts were filtered out using 0.22 µm PTFE 

syringe filter. Photocatalytic degradation tests of BPA were conducted in the context of 

deionized water or a secondary effluent polishing from a treatment plant. The 

performance of CDP-TiO2 was benchmarked against P25 in secondary effluent for four 

treatment cycles (3 h per cycle). After each cycle the solid was separated by 

centrifugation. 

Photocatalysis by-products were identified by HPLC-MS, in a MicroToF (Bruker) 

equipped with an ESI source and interfaced with an Agilent 1200 HPLC. A C18 column 

(Imtakt, Sherzo SM-C18, 3 m, 150 mm x 2 mm) was used for separation with 

acetonitrile/water (both buffered with 0.1% of formic acid) as the mobile phase. A 

gradient method was applied to mobile phase; started with 2% acetonitrile and 

maintained for 5 min, then increased the ratio of acetonitrile to 50% in 10 min and 

maintained for 10 min, and decreased to 2% acetonitrile in 5 min. 

The potential destruction of CDP coating after repeated usage was determined by 

measuring the total organic carbon (TOC) in the CDP-TiO2 material dispersion after 100 
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h irradiation under the same conditions as the photocatalysis experiments. The catalyst 

was separated by centrifugation and the TOC was measured by TOC-VCHS (Shimadzu). 

The stability of CDP-TiO2 was evaluated through repeated usage for 1000 h. In detail, 20 

mg of CDP-TiO2 was dispersed into 40 mL of BPA (20 mg/L) solution and kept 

irradiation for 1000 h. The catalyst was collected by centrifugation at specific time 

intervals (i.e. 100, 200, 400, 600, 800, and 1000 h) to evaluate its long-term performance 

on BPA removal. 
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4.3 RESULTS AND DISCUSSION 

4.3.1 Preparation of cross-linked, fluorinated cyclodextrin polymer coating 

with resistance to ROS oxidation. 

We prepared a fluorinated, cross-linked CD polymer (CDP) coating anchored to 

the surface of TiO2 microspheres to enable contaminant sorption near photocatalytic sites 

and improve stability in the presence of ROS. The CDP coating was prepared though 

condensation polymerization of β-cyclodextrin and tetrafluoroterephthalonitrile, as 

previously reported (241). Separately, TiO2 microsphere photocatalysts were prepared via 

a hydrothermal method, as previously reported (269). To anchor the CDP onto the TiO2 

microsphere surface, the CDP and TiO2 were dispersed in water in the presence of 

cyanamide. The resulting materials were washed extensively to remove unattached CDP. 

This general procedure enables us to tune the amount of CDP coating present on the TiO2 

microspheres, and we prepared CDP-TiO2 microspheres with varying amounts of CDP 

coatings. The materials were labeled according to the weight percentage of CDP 

anchored: CDP(3%)-TiO2, CDP(5%)-TiO2 and CDP(30%)-TiO2, as determined by 

thermogravimetric analysis (TGA).  

The resulting CDP-TiO2 particles were characterized in terms of morphology, 

surface chemistry, and pore structure. The SEM images of CDP(5%)-TiO2 (Figure 4.1 a) 

showed a hierarchically structured surface and constituent nanosheets. The diameter of 

CDP(5%)-TiO2 was in the range of 3 – 5 µm. Successful anchoring of CDP was 

confirmed through FTIR analysis (Figure 4.1 b). Three bands at 2929 cm-1, 1157 cm-1, 

and 1029 cm-1 were identified from the spectra of CDP-TiO2 which represent C-H 
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stretch, C-O stretch of cyclodextrin and the O-C-O antisymmetric glycosidic vibrational 

modes respectively (278). The signals observed at 1320, 1484, and 1675 cm-1 correspond 

to C-F stretch, C-C aromatic stretch and C=N nitrile stretch, respectively.  

a) SEM images of CDP(5%)-TiO2 particles (3-5 µm). b) FTIR spectra for CDP(30%)-

TiO2, CDP(5%)-TiO2, CDP, and bare TiO2 microspheres. c) Thermogravimetric analysis 

of CDP-TiO2 with varying CDP content (3%, 5%, 10% and 30% wt.). d) Nitrogen 

adsorption isotherm and pore size distribution for CDP(5%)-TiO2 (specific surface area 

of 197.2 m2g-1). 

CDP(5%)-TiO2 had a BET surface area of 197.2 m2/g which was three times 

higher than commercial TiO2 (Evonik, P25) (58.9 m2/g, Table 4.1). The specific surface 

decreased as the content of CDP increased (Table 4.1). This was expected because the 

Figure 4.1. Characterization of CDP-TiO2, CDP, and bare TiO2 microspheres. 
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specific area of CDP (3.8 m2/g) is much lower than that for bare TiO2 microspheres 

(208.9 m2/g). The CDP-TiO2 has similar textural characteristics to bare TiO2 

microspheres, both having the same isotherm and hysteresis loop type and an average 

pore size between 3-11 nm (Figure 4.2 and Table 4.1). The nitrogen adsorption isotherms 

for these particles are of type II (Figure 4.1 d), which indicates the formation of 

nonporous or macroporous structure (279). 

Table 4.1. Textural parameters measured by nitrogen adsorption at −196 °C. 

Material SBET (m2g-1) Average pore 

diameter (nm) 

HS 208.9 11.4 

CDP 3.8 49.0 

CDP(3%)-TiO2 216.4 9.0 

CDP(5%)-TiO2 197.2 3.5 

CDP(30%)-TiO2 124.1 3.1 

TiO2 (Evonik P25) 58.9 50.2 

 

Full symbols indicate adsorption, hollow symbols indicate desorption. Pore size 

distribution is in the box left inside. 

Figure 4.2. Nitrogen adsorption/desorption isotherm of CDP, bare TiO2 

microspheres and CDP-TiO2 with different amount of CDP coating. 



 

82 

4.3.2 Improved BPA adsorption capacity after CDP anchoring relative to 

bare and cyclodextrin-coated TiO2 microspheres. 

Next, we studied the potential for the CDP nanoparticles to uptake BPA in water 

through adsorption tests. Compared with bare TiO2 microspheres and CD-TiO2, CDP 

coating significantly enhanced the BPA adsorption rate and capacity, and this is reflected 

in the adsorption kinetics data (Figure 4.3 a). The pseudo-second order model produced 

an excellent fit of the adsorption kinetics data (Equation 4.2). This fit was superior than 

that from a pseudo-first order kinetics model, based on Pearson´s chi-squared test (Figure 

4.4). The second-order model parameters for each microsphere tested are provided in 

Table 4.3, and show that the adsorption rate of CDP(5%)-TiO2 was two times higher than 

that of CD-TiO2 and four times higher than that of bare TiO2 microspheres (Table 4.2). 

The adsorption isotherms also showed that the adsorption capacity increased with 

increasing content of CDP (Figure 4.3 b), even though the specific surface area decreased 

as the content of coated CDP increased (Table 4.1). 

The adsorption isotherm for all microspheres exhibited a plateau above 50 mg/g, 

with the exception of CDP(30%)-TiO2 in which the amount of BPA adsorbed increased 

monotonically up to the highest concentration tested (200 mg/g). The adsorption isotherm 

of the CDP(30%)-TiO2 material were best fit by the Freundlich model, in which the 

adsorption capacity increase exponentially with the initial concentration. In contrast, all 

other materials followed the Langmuir model (280). This likely reflects a shift from 

monolayered adsorption pattern (described by the Langmuir isotherm) to multi-layered 

adsorption (described by the Freundlich isotherm), consistent with the apparent formation 

of multi-layer CDP coating on the TiO2 surface when increasing CDP loading. The 
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adsorption parameters are shown in the Table 4.3 and show that the CDP-TiO2 

microspheres have higher adsorption capacities than bare TiO2 or CD-TiO2 microspheres.  

a) Adsorption kinetics and b) adsorption isotherms of BPA onto bare TiO2 microspheres, 

CD-TiO2 and CDP-TiO2. 

a) Adsorption kinetic data fitted to pseudo- first (solid line) and pseudo- second (dotted 

line). b) χ2 is Pearson´s chi-squared test values used to select the best fit, where lower 

values indicate a better fit (i.e., smaller difference between the experimental data and the 

values simulated by the model) 

Figure 4.3. CDP coating improved both the adsorption rate and capacity. 

Figure 4.4. Comparison of fittings using pseudo-first order or pseudo-second order 

adsorption model.  
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Table 4.2. Parameters from the pseudo-second order adsorption model fit to the 

adsorption kinetics data. 

 k2 (L/mg/s) q (mg/g) χ2 R2 

Bare TiO2 microsphere 0.01 ± 0.005 9.7 ± 0.5 0.95617 0.9179 

CD-TiO2 0.02 ± 0.008 11.3 ± 0.3 0.40954 0.9731 

CDP(5%)-TiO2 0.04 ± 0.002 13.6 ± 0.2 0.11498 0.9949 

CDP(30%)-TiO2 0.05 ± 0.006 21.0 ± 0.2 0.21519 0.9959 

k2 is the adsorption rate constant, q is the equilibrium amount adsorbed. χ2 is Pearson´s 

chi-squared test value and R2 is the correlation coefficient for data fitting. 

Table 4.3. Parameters used to model adsorption isotherms for CD-TiO2 and CDP-

TiO2 particles. 

 Langmuir KL (L/mg) qm (mg/g) χ2 R2 

Bare TiO2 microsphere 𝑞𝑒

=
𝑞𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 

0.045 ± 0.01 21.9 ± 1.5 2.30 0.9837 

CD-TiO2 0.055 ± 0.01 24.1 ± 1.1 1.49 0.9738 

CDP(5%)-TiO2 0.124 ± 0.02 36.9 ± 1.0 2.45 0.9836 

 Freundlich KF (mg1−(1/n) L1/n g−1) n   

CDP(30%)- TiO2 𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛

 4.89 ± 0.58 1.98 ± 0.10 4.0 0.9910 

qm (mg/g) is the maximum adsorption capacity (mg/g), and KL (L/mg) is the constant 

related to the free energy of adsorption. KF (mg1−(1/n) L1/n g−1) is a constant indicative of 

the relative adsorption capacity of the adsorbent and n is the dimensionless constant 

related with the intensity of the adsorption. 

4.3.3 Enhanced photocatalytic degradation of BPA after CDP coating 

relative to bare and cyclodextrin-coated TiO2 microspheres. 

Next, we tested the effectiveness of CDP-TiO2 for the photocatalytic degradation 

of BPA. Photocatalytic degradation of BPA was tested with different catalysts in DI 

water to evaluate the effect of CDP coating on photoactivity without confounding effects 

by background ROS scavengers (Figure 4.5). The photocatalytic degradation data 

followed pseudo first order kinetics (Figure 4.5). The rate constant for BPA degradation 

(Table 4.4) by CDP(5%)-TiO2 (0.025 ± 0.002 min-1) was 1.7 times higher than that for 

bare TiO2 microspheres (0.015 ± 0.001 min-1), and similar to that previously reported for 

CD-TiO2 (0.025 ± 0.001 min-1) (269).  
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Table 4.4. First-order rate constant for BPA removal by different catalysts in DI 

water. 

 

 

 

 

 

The performance of the microspheres was tested in the presence of competing 

species. Effluent organic matter (EfOM) is present in secondary effluent and competes 

with BPA for CDP sorption sites, occlude photocatalytic surface and scavenge 

photogenerated ROS (174). Photocatalytic degradation tests on BPA with CDP-TiO2 

were conducted in secondary effluent from a local wastewater treatment plant (69th St. 

Wastewater treatment complex of Houston, TX) (Figure 4.6). While CDP-TiO2 particles 

removed 99.8% of BPA within 2 h when tested in DI water, only 80.2% of BPA was 

 Photocatalytic degradation 

rate constant k (min-1) 

 

Material R2 

Bare TiO2 microspheres  0.015 ± 0.001  0.97480 

CD-TiO2  0.025 ± 0.001  0.98759 

CDP(3%)-TiO2 0.023 ± 0.001  0.98942 

CDP(5%)-TiO2 0.025 ± 0.002  0.98289 

CDP(10%)-TiO2 0.018 ± 0.002 0.90452 

CDP(30%)-TiO2 0.014 ± 0.003  0.61523 

Figure 4.5. Photocatalytic degradation of BPA with different catalysts in DI water. 

Lines represent first-order decay model fit. 
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degraded after 3 h treatment in secondary effluent. In addition, CDP(5%)-TiO2 showed 

progressive loss of photoactivity in cycling tests in secondary effluent, with BPA removal 

decreasing to 71.7% by the fourth cycle. Nevertheless, this decrease in performance was 

not as significant as observed for either CD-TiO2 or P25, which removed only 29.8% and 

6.2% BPA by the fourth cycle in secondary effluent, respectively (Figure 4.6). These 

results demonstrate that CDP-TiO2 is less susceptible to inhibition by competing species 

compared with CD-TiO2 or P25. We attribute this to the greater adsorption rate and 

capacity for these nanoparticles. Additionally, P25 readily aggregates in the presence of 

multivalent ions such as Ca2+ (179), and the average particle size (Table 4.5) increased 

from 300 ± 4 nm (in DI water) to 800 ± 12 nm (in secondary effluent), which leads to 

decreased surface area and photoactivity. In contrast, aggregation of CDP-TiO2 was 

insignificant (281); the average particle size of CDP-TiO2 in either DI water (Table 4.5, 

3.62 ± 0.4 µm) or in secondary effluent (3.89 ± 0.6 µm) determined by DLS was 

statistically undistinguishable, and similar to the SEM observation (3 - 5 µm).  

Table 4.5. Average particle size CDP-TiO2 and P25 in DI water or secondary 

effluent characterized with dynamic light scattering (DLS). 

 Primary particle size in DI 

water (µm) 

Primary particle size in 

secondary effluent (µm) Material 

P25 0.3 ± 0.04 0.8 ± 0.12 

CDP-TiO2 3.62 ± 0.4 3.89 ± 0.6 
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CDP-TiO2 was less inhibited by interfering constituents in secondary effluent compared 

to CD-TiO2 and P25 [benchmarking data from our previous work conducted under 

identical conditions (269)]. 

TiO2 microspheres with various amounts of CDP coating were tested in DI water 

to optimize the extend of surface modification (Figure 4.7 a). BPA adsorption increased 

with CDP content, but the rate constants of photocatalytic degradation of BPA exhibited 

a bell-shaped pattern as a function of CDP content (Figure 4.7 b). Specifically, 

photocatalytic degradation rate increased with polymer content (up to 5%). The 

degradation rate constant k was 0.023 ± 0.001 min-1 for CDP(3%)-TiO2 and 0.025 ± 

0.002 min-1 for CDP(5%)-TiO2. However, further increases in the CDP content had a 

detrimental effect on BPA degradation efficiency. The degradation rate constant for 

CDP(30%)-TiO2 was 0.014 ± 0.003 min-1. We attribute this increase in degradation rate 

followed by a decrease at higher CDP contents to an increase in adsorption capacity with 

increasing CDP but also higher probability for occlusion of photocatalytic sites on the 

Figure 4.6. CDP-TiO2 outcompeted CD-TiO2 and P25 during photocatalytic 

degradation of BPA in a secondary effluent context monitored over 4 cycles. 
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TiO2 surface by the polymer. Furthermore, CDP is fluorescent under UVA irradiation 

(Figure 4.8) and may compete with the TiO2 surface for photons.  

(a) and photocatalytic rate constant (b) in DI water.  Increasing CDP content is initially 

beneficial due to enhanced BPA “trapping”, but excessive coating occludes 

photocatalytic sites and hinders BPA “zapping”. The optimum content of CDP was 5% 

weight in this system. 

 

Based on ion chromatographic analysis (Figure 4.9), the production of radicals 

•OH was the primary mechanism to destroy BPA by photocatalysis, leading to the 

Figure 4.7. Influence of CDP content on BPA removal. 

Figure 4.8. Fluorescence observed during the UVA irradiation of 20 mg of CDP in 

40 mL of water. 
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formation of the hydroxylated compounds showed in Table 4.6. The most abundant 

compound was the BPA-O-catechol formed from the addition of an •OH group onto the 

aromatic ring of the BPA. The identified compounds from the ion chromatograph shown 

in Figure 4.9 coincide with some byproducts reported in the Fenton process (282-285). 

Table 4.6. Hydroxylated by-products formed during photocatalysis identified by 

HPLC-MS. 

Peak t
R  

(min)  

Exact  

mass 

Structure Name IUPAC 

1 12.4 168.0786 
HO OH

OH  

4-(2-hydroxypropan-2-

yl)benzene-1,2-diol 

2 13.5 152.0837 
HO OH

 

4-(2-hydroxypropan-2-

yl)phenol 

3 14.8 136.0524 

 

1-(4-

hydroxyphenyl)ethan-

1-one 

4 18.4 244.1099 

 

4-(2-(4-

hydroxyphenyl)propan-

2-yl)benzene-1,2-diol 

5 19.7 218.1307 

 

(E)-5-(4-

hydroxyphenyl)-4,5-

dimethylhex-3-en-2-

one 

6 19.7 228.1150 

BPA 

 

4,4'-(propane-2,2-

diyl)diphenol 
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a) Extracted ion chromatogram of BPA byproducts formed during photocatalytic 

treatment. Peak 6 corresponds to BPA and the number of peaks corresponds to the 

compounds reported in Table 4. b) Byproducts peak area at different time of irradiation. 

4.3.4 Stability considerations. 

The CDP coating was significantly more stable than the baseline CD coating 

previously reported (269). We monitored the stability of CDP(5%)-TiO2 nanoparticles 

under irradiation in clean DI water by measuring the TOC (0.55 ± 0.01 mg/L), and only 

2.4 % wt. of the CDP coating was released as dissolved TOC after 100 h of irradiation.  

Photocatalytic durability was enhanced compared with CD-TiO2, which after 500 

h of irradiation experienced 70% degradation or detachment of CD (269). The CDP(5%)-

TiO2 photocatalytic nanoparticles remained stable and active under long-term irradiation. 

No significant loss of photoactivity was observed after 1000 h. The rate constant 

decreased slightly from 0.027 ± 0.002 min-1 for unexposed CDP(5%)-TiO2 to 0.024 ± 

0.001 min-1 for CDP(5%)-TiO2 (Figure 4.10). In contrast, significant loss of activity was 

observed for CD-TiO2 after 400 h usage. These results demonstrate significant 

Figure 4.9. Byproducts HPLC-MS spectrum and peak aree. 
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photocatalytic stability for CDP-TiO2 nanoparticles, providing a potential route to more 

practical photocatalytic applications. 

Cross-linking cyclodextrin with fluorinated polymer is highly resistant to ROS attack that 

insignificant loss of photoactivity was observed after 1000 h of use. 

  

Figure 4.10. Stability of CDP(5%)-TiO2 after continuous usage up to 1000 h under 

the irradiation at λ=365 nm and 3.83x10-6 Einstein/L/s. 
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4.4 CONCLUSIONS 

A novel ROS-resistant fluorinated cyclodextrin polymer was used as a coating for 

TiO2 microspheres and provided superior photoactivity and durability, benchmarked 

against CD-TiO2 and commercial P25. The CDP-TiO2 microspheres are promising 

multifunctional catalysts for advanced water treatment that enable a “trap-and-zap” 

treatment approach and are more resistant than P25 TiO2 to interference by background 

constituents in a secondary effluent polishing context. Furthermore, the coated CDP 

microspheres exhibit minor photoactivity loss after 1,000 h of continuous use, whereas, 

significant loss of activity was observed for CD-TiO2 after 400 h usage under similar 

conditions. Finally, the size of the CDP-TiO2 enables separation by low-pressure 

filtration (and thus resulting in low energy requirements).  Altogether, the CDP-TiO2 

microspheres presented represent promising materials for potential use in photocatalytic 

water treatment and secondary effluent polishing. 
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Chapter 5 

Selective Adsorption and Photocatalytic Degradation of 

Extracellular Antibiotic Resistance Genes by Molecular-

Imprinted Graphitic Carbon Nitride 

This chapter is edited from a published article in Environ. Sci. Technol. 
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5.1 INTRODUCTION 

The global spread of antibiotic resistance genes (ARGs) and their potential 

assimilation by pathogenic bacteria constitutes a growing threat to public health (286). 

Some municipal wastewater treatment plants (WWTPs) may serve as breeding grounds 

and point sources of ARGs due to selective pressure by the presence of sublethal levels of 

antibiotics and high bacterial densities that facilitate horizontal gene transfer (26). 

Conventional WWTP disinfection processes (e.g., chlorination and UV radiation), though 

moderately effective in removing antibiotic resistant bacteria (75, 77), are relatively 

ineffective in removing ARGs (78). Accordingly, extracellular ARGs can persist, 

transform bacteria, and propagate with their new hosts in the receiving water (79, 80). 

Moreover, residual chlorine reaching the receiving environment may be diluted to sub-

lethal levels that increase the permeability of indigenous bacteria cells and enhance ARG 

transfer (81), and UV-inactivated ARGs may be reactivated by transformed bacteria (81, 

82). Therefore, reliable and sustainable disinfection processes are needed for removing 

ARGs during municipal wastewater treatment. 

Photocatalysis has received significant attention as a potentially eco-friendly 

disinfection and advanced oxidation process since it does not require continuous addition 

of chemical disinfecting agents. The photogenerated reactive oxygen species (ROS) can 

inactivate ARGs by damaging nucleotides (287). Graphitic carbon nitride (C3N4) is an 

earth-abundant and metal-free photocatalyst (288) that can be easily modified to achieve 

high photocatalytic efficiency (141). For example, edge-functionalization of C3N4 with 

electron-withdrawing groups (e.g., carboxyl group) may improve charge separation and 
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ROS generation (289). However, degradation of ARGs by pristine or modified C3N4 can 

be adversely affected in WWTP effluent, where soluble microbial product (SMPs) and 

natural organic matter (NOM) compete with less abundant target contaminants (or ARGs 

in this case) for photogenerated ROS (174). This challenge underscores the need to 

develop novel photocatalysts that are capable of selectively degrading extracellular 

ARGs. 

Molecular imprinting is a technique to impart high selectivity to polymers 

towards specific pollutants by creating binding sites that are complementary in size and 

shape to the templates, which results in specific recognition of target molecules (290). 

Conjugating molecular imprinted polymer (MIP) with photocatalysts can improve the 

efficiency of photocatalytic processes by enhancing the selectivity of the MIP-

photocatalyst composite towards target contaminants (291). Compared with other WWTP 

effluent constituents (e.g., SMPs and NOM), ARGs as DNA are characterized by their 

high content of nucleotides (i.e., adenine, guanine, cytosine and thymine) (292). 

Therefore, previous researchers have used molecular imprinting of guanine for 

developing DNA sensors (293). Using similar principles, molecular imprinting of 

nucleotides may create selective recognition sites on the catalyst surface (210, 294), 

enabling the catalyst to selectively entrap extracellular ARGs near photocatalytic sites for 

more efficient degradation. Improved contact between ARGs and catalyst would enhance 

the utilization of photogenerated ROS by ARGs rather than scavenging by non-targeted 

constituents (a.k.a., “trap and zap” strategy (203, 269)).  

Our driving hypothesis is that selective DNA capture and photocatalytic treatment 

improves ARG fragmentation and inactivation efficiency during photocatalytic effluent 
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polishing. As widely reported by previous research (295, 296), fragmented ARGs 

permanently lose their ability to confer antibiotic resistance. This represents a significant 

potential advantage over traditional disinfection techniques (e.g., UV and chlorination), 

which cause nucleotide lesions that may be repaired by transformed bacteria (297, 298), 

and do not eliminate the risk of ARG repair after treatment in receiving environments. 

Here, we report a novel guanine-imprinted C3N4-based photocatalyst and 

demonstrate its effectiveness to remove ARGs in the presence of co-existing ROS-

scavenging water constituents. Photocatalytic degradation of New Delhi Metallo-β-

Lactamase-1 (blaNDM-1), a multidrug-resistant gene (299, 300), by MIP-C3N4 was tested 

in the presence of different common organic compounds (i.e., peptone, sucrose, and 

humic acid) and in secondary effluent from a municipal wastewater treatment plant. The 

photocatalytic mechanism was investigated through ROS scavenging tests and DNA 

fragment characterization. Photocatalytic performance in secondary effluent, where ROS 

scavengers are abundant, was benchmarked against both a commercial TiO2 

photocatalyst and unprinted C3N4 as proof-of-concept that molecular imprinting can 

enhance the selectivity and efficacy of photocatalytic processes to degrade eARGs in 

complex matrices. 
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5.2 MATERIALS AND METHODS 

Chemicals. Urea (≥ 97 %), potassium permanganate (KMnO4, ≥ 99.0%), 

sulfoxide chloride (SOCl2, ≥ 99.7 %), chloroform (≥ 99 %), tetrahydrofuran (THF, ≥ 99 

%), 4-(dimethylamino) pyridine (4-DMAP, ≥ 99 %), allyl alcohol (≥ 99 %), N, N-

dimethylformamide (≥ 99.8 %), triethylamine (≥ 99 %), guanine (≥ 98%), 2,2’-azobis(2-

methylpropionitrile) (AIBN, ≥ 98 %), acetonitrile (≥ 99 %), toluene (≥ 99 %), 

methacrylic acid (MAA, ≥ 99 %), ethylene glycol dimethacrylate (EGDMA, ≥ 98 %), L-

histidine (≥ 99 %), catalase from bovine liver, superoxide dismutase (SOD), ammonium 

oxalate (≥ 99 %), and sodium hydroxide (≥ 99 %) were purchased from Sigma-Aldrich 

and used as received. Suwannee river natural organic matter (NOM) was purchased from 

International Humic Substances Society (IHSS). Hydrochloric acid (≥ 36.5 %), sulfuric 

acid (≥ 98 %) and absolute ethanol were purchased from Millipore-Sigma. 

Synthesis of graphitic C3N4 nanosheets and modification with vinyl group. 

Molecular-imprinted C3N4 (MIP-C3N4) was fabricated through a facile three-step strategy 

(Figure 5.1). Urea was used as a precursor to synthesize graphitic C3N4 via thermal 

exfoliation (140, 154, 301). Briefly, urea was recrystallized from aqueous urea solution 

(0.5 g/mL) heated at 80 oC for 24 h and then calcinated in the air at a ramp rate of 2.4 

oC/min for 4 h and maintained at 550 oC for another 2 h in a tube furnace (STF 1200, 

Across International). The light-yellow product was agitated and collected. 

Since the imprinted polymer must be attached without occluding photocatalytic 

sites, the as-obtained C3N4 was partially oxidized to carboxylic C3N4 (C3N4-COOH) 

through a modified Hummer’s method (Supporting information) (302), which ensures 
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carboxylation of mainly C3N4 nanosheet edges.(289) The carboxylic groups were then 

substituted by vinyl groups, providing reaction sites for further polymerization with 

MIP;(303) this facilitates polymer coating primarily of nanosheet edges without 

significantly occluding the photocatalytic surface. Briefly, C3N4-COOH (200 mg) was 

suspended in a mixture of SOCl2 (30 mL) and chloroform (10 mL). The C3N4-COOH 

suspension was then refluxed for 24 h at 60 oC. The precipitates from the above reaction 

were washed with tetrahydrofuran (THF) and transferred into a mixed solution of THF 

(30 mL) and triethylamine (8.4 mL). To this solution, 0.25 g of 4-DMAP and 1.16 g of 

ally alcohol were added. The solution was refluxed at 60 oC for 24 h. The white 

precipitate was harvested by centrifugation and washed thoroughly with THF. C3N4 

modified with vinyl groups (C3N4-CH=CH2) was then obtained through vacuum drying 

as-obtained precipitate under 40 oC overnight. 

Synthesis of molecular imprinted C3N4. MIP-C3N4 was prepared by selective 

polymerization of methacrylic acid (MAA) with the vinyl groups on the edge of C3N4-

CH=CH2 (304). In brief, C3N4-CH=CH2 (100 mg) was dispersed in a mixture of 

acetonitrile (60 mL) and toluene (10 mL). The dispersion was then purged with N2 for 30 

min. To the N2-saturated dispersion, guanine (90 mg) and MAA (86 L) were added as 

template molecule and functional monomer respectively. After another 30 min stirring, 

the cross-linker (EGDMA, 500 L) and initiator (AIBN, 40 mg) were added. The 

solution was then transferred into an airtight vial with cover sealed. The reaction vial was 

placed in an oil bath and heated at 70 oC for 12 h. The product was collected and washed 

with ethanol thoroughly to remove possible impurities. The template molecules (guanine) 

were removed by washing with 1M HCl. The product was further washed with ethanol 
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until the pH reaches neutral. MIP-C3N4 was obtained by vacuum drying the product 

under 40 oC overnight. The control (non-molecular imprinted (NIP-C3N4)) sample was 

fabricated following the same procedure, only without adding guanine. 

Fabrication of graphitic C3N4 through thermal exfoliation of recrystallized urea followed 

by edge polymerization of MIP and subsequent acid washing. 

Characterization of MIP-C3N4. MIP-C3N4 was characterized in terms of 

morphology, crystal structure, specific surface area, functional groups, and surface 

elements. Functional groups were characterized using an FTIR (Fourier transform 

infrared spectra) Microscope (Nicolet iS50 FTIR, Thermo Scientific) scanning from 4000 

to 400 cm-1 in a KBr tablet. The phase information of C3N4 was obtained from powder X-

ray diffraction (XRD, Rigaku DMAX) with Cu Kα radiation (λ = 1.54178 Å). The 

specific surface area was measured using a Brunauer–Emmett–Teller (BET) surface 

analyzer (Autosorb-3B, Quantachrome Instruments). The morphology was observed with 

an environmental scanning electron microscopy (ESEM, FEI Quanta 400F) with high 

voltage (20 kV) under high vacuum mode (chamber pressure 1.45×10-4 Pa). Transmission 

electron microscopy (TEM) images and high-resolution TEM analyses were performed 

by using a JEOL-2010 TEM with an acceleration voltage of 200 kV. Surface chemistry 

was analyzed by X-ray photoelectron spectroscopy (XPS) equipped with a 100 μm X-ray 

Figure 5.1.Schematic diagram of three-step fabrication of MIP-C3N4. 
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beam with a take-off angle of 45° (PHI Quantera SXM). The pass energy was 140 eV for 

the survey and 26 eV for the high-resolution elemental analysis. The thickness of MIP-

C3N4 was examined by atomic force microscopy (AFM, Park NX20, Park system) in 

tapping mode. The optical properties were characterized by ultra-violet diffuse 

reflectance spectra (UV-DRS) using a UV-Vis spectrophotometer (UV-2450, Shimadzu, 

Japan) and confocal Raman microscopy/spectrometer system (Invia Reflex, Renishaw, 

U.K.). 

Photocatalytic ARG degradation tests. BlaNDM-1 harbored by an engineered 

plasmid pET-29a (+) with a total length of 6255 bp was selected as the target ARG. The 

details of the plasmid are given in Figure 5.2. A photoreactor (LZC-4V, Luzchem 

Research Inc.) was used for batch scale photocatalytic tests. Six UVA lamps (365 nm 

irradiation, 8W, FB8L-B) were installed in the reactor providing a total light intensity of 

3.64×10-6 Einstein/L/s. The catalyst (5 mg) was dispersed in 10 mL solution containing 

109-1010 copies/mL blaNDM-1 at the beginning of photoreaction. The concentration of 

catalyst used was within the range reported by previous research on photocatalytic 

removal of ARGs (305). This suspension was stirred and equilibrated for 2 h, and the 

concentration of blaNDM-1 was adjusted to 109-1010 copies/mL before irradiation. Aliquots 

(200 L) were taken after predetermined intervals of irradiation time for further 

quantification, and the catalysts were removed by centrifugation. Selectivity tests were 

conducted in the presence of three common wastewater constituents with different 

chemical structures and reactivity, at representative concentrations (306-308) (i.e., 50 

mg/L of peptone, 50 mg/L of sucrose, and 10 mg/L of humic acid), and in secondary 

wastewater treatment plant effluent (Table 5.1, total organic carbon (TOC) = 16.1 mg/L) 
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to assess ARG removal efficiency under realistic treatment conditions. To determine the 

adsorption isotherm, 0.5 mg/mL catalyst dispersion was prepared in which the blaNDM-1 

concentration was set to a range from 109-1010 copies/mL. These dispersions were stirred 

vigorously for 24 h to reach adsorption equilibrium. 

The length of blaNDM-1 (red fragment) is 813bp and that of the whole plasmid is 6255 bp. 

Table 5.1. Water quality data of the secondary effluent from a wastewater treatment 

plant in Houston, TX (i.e., West University Place WWTP). 

a TOC  pH b DO  c TDS  Conductivity d UV254  

(mg/L) (-) (mg/L) (mg/L) (μS/cm) (-) 

16.1 ± 0.2 7.0 ± 0.01 6.9 ± 0.3  425 ± 17.5  770.7 ± 0.1  0.156 ± 0.001  

a TOC: total organic carbon, b DO: dissolved oxygen,  

c TDS: total dissolved solid, d UV254: UV-absorbance at 254 nm 

 

ROS scavenging tests. Photocatalytic degradation of blaNDM-1 was also evaluated 

in the presence of various ROS and electron hole (h+) scavengers to determine the 

Figure 5.2. Circular map of plasmid pET-29a(+)::blaNDM-1. 
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primary oxidant(s). These tests were conducted in DI water to avoid confounding effects 

by organic compounds in secondary effluent. The scavengers utilized include 1 mM of 

isopropanol (IPA) for •OH, 50 kU/L of superoxide dismutase (SOD) for O2-, 1 mM of L-

histidine for 1O2, 200 U/mL catalase for H2O2 and 10 mM of ammonium oxalate (AO) for 

h+ (187). The photoactivity inhibition level by each scavenger was calculated using 

following equation (Equation 5.1).  

𝑃ℎ𝑜𝑡𝑜𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑙𝑒𝑣𝑒𝑙 = (1 −
𝑘𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑟

𝑘𝑐𝑜𝑛𝑡𝑟𝑜𝑙
) × 100% 

Equation 5.1. Photoactivity inhibition caculation 

Where kscavenger and kcontrol represent photocatalytic reaction rate constants with and 

without the addition of specific scavengers. 

 

The presence of ROS was verified by electron spin resonance (ESR) signals of 

paramagnetic species spin-trapped with 3,4-dihydro-2-methyl-1,1-dimethylethyl ester-

2H-pyrrole-2-carboxylic acid-1-oxide (BMPO); the ESR spectra were obtained using a 

Bruker EMX ESR spectrometer at room temperature. 

DNA biomarker quantification and characterization of treated DNA. The 

abundance of blaNDM-1 gene was quantified by qPCR process using primer sets (forward 

primer 5’-CGC AGC TTG TCG GCC ATG -3’ and reverse primer 5’-GGA ATT GCC 

CAA TAT TAT GC -3’, amplicon size: 807 bp) (309), with details presented in 

Supporting Information. Treated blaNDM-1 samples were further analyzed by Nanopore 

Rapid Barcoding Sequencing for fragments characterization. In detail, the treated blaNDM-

1 (100 ng) was barcoded using fast barcoded kit (SQK-RBK004) and then characterized 
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with MinKNOW, analyzing the length distribution of DNA fragments using 

accompanying EPI2ME platform. The melting curve of treated blaNDM-1 sample was 

measured on a CFX 96 Real-time Systems (BIO-RAD, U.S.). The UV-Vis adsorption 

spectrum of treated blaNDM-1 after photocatalytic treatment was examined by Nanodrop 

1000 Spectrometer (Thermo Fisher Scientific, U.S.). 

Oligonucleotide adsorption and photocatalytic degradation tests. Four 

oligonucleotides with different guanine contents were tested to assess the selectivity of 

MIP-C3N4 toward guanine containing compounds. G0 (5’-CCCACCCACCCACCCAAA-

3’), G1 (5’-GCCACCCACCCACCCAAA-3’), G2 (5’-CCCACCCACCGGCCCAAA-3’) 

and G3 (5’ CGCACCCACCGGCCCAAA-3’) contains zero, one, two and three 

guanines, respectively. 2-mL oligonucleotide suspension containing G0, G1, G2 or G3 at 

50 ng/L was spiked with catalyst to achieve a final concentration of 2000 mg/L, which 

was shake four two hours under dark conditions. Aliquots (50 L) were taken every half 

hour, and the catalysts were returned to above solution after centrifugation. The saturated 

catalysts were then moved to the photocatalytic reactor, with 2 mL fresh oligonucleotide 

suspension (50 ng/L) spiked in before irradiation. Aliquots (50 L) were taken after 

predetermined intervals of irradiation time for further quantification, and the catalysts 

were returned by centrifugation. The concentration of residual oligonucleotides was 

determined using a Nanodrop 1000 Spectrometer at 260 nm. 

Catalyst stability tests. The stability of MIP-C3N4 photoactivity was investigated 

through repeated usage (10 cycles) in deionized water and secondary effluent, and 

compared with that of P25 TiO2. The catalysts were collected and dried after each cycle. 
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MIP-C3N4 was characterized by SEM and FTIR analysis initially and after the 10th cycle 

to discern possible morphological and surface chemistry changes. 

Statistical analysis. Student's t-test (two-tailed) was used to determine the 

significance of the differences between treatments. Differences were considered to be 

significant at the 95% confidence level (p < 0.05) and highly significant at the 99% 

confidence level (p < 0.01). 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Synthesis of guanine imprinted graphitic C3N4.  

Molecular imprinting was used to address one major common limitation of 

photocatalytic treatment: inefficiency associated with scavenging of oxidation capacity 

by non-target water constituents (174, 310). SEM images showed a mesoporous structure 

for MIP-C3N4 (Figure 5.3 a), and the HR-TEM image depicts the nanosheet structure of 

the graphitic C3N4 building blocks (Figure 5.3 b). An interplanar spacing of 0.326 nm was 

observed corresponding to the (002) crystallographic plane of C3N4 (inset of Figure 5.3 

b). AFM measurements indicate that the thickness of MIP-C3N4 was 5 nm (Figure 5.4). 

Two new peaks at 288.9 eV and 286.2 eV were identified from the XPS spectra of MIP-

C3N4 (Figure 5.3 c), corresponding to two unique chemical bonds from imprinted 

polymer (i.e., O=C-OH from MAA monomer and C-O-C from EGDMA cross-linker 

respectively) (311). This proves that the C3N4 surface was successfully modified with 

MAA polymer.  

Imprinting of guanine was demonstrated through peak identification from FTIR 

spectrum (Figure 5.3 d) (312). The FTIR spectrum of guanine shows a broad absorption 

in the range of 3000 to 3300 cm-1 corresponding to OH group vibrations. Another four 

peaks at 2906, 1692, 1563, and 1373 cm-1 were also identified from the spectra of 

guanine, respectively representing C-H stretch, N-H stretch, C=C stretch, and the C-H 

deformation vibrations. The two absorption peaks at 1120 and 952 cm-1 are assigned to 

C–C stretching vibrations (312). These specific peaks from guanine were identified from 

FTIR spectra of as-obtained MIP-C3N4 before acid washing, indicating that guanine 
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molecules were imprinted into the MAA polymer matrix. As expected, the guanine 

adsorption peak at 1692 cm-1 was prominent before (but barely present after) the polymer 

was washed with HCl, and both MIP-C3N4 and NIP-C3N4 had similar FTIR spectra 

because of similar surface functional groups. This corroborates that guanine was 

imprinted into the MAA polymer matrix and removed by subsequent acid washing. 

(a) SEM images of MIP-C3N4 mesoporous structure. (b) HR-TEM images of 

magnification of MIP-C3N4 edge illustrating the nanosheet structure of and the (002) 

crystallographic plane of C3N4. (c) XPS spectra of MIP-C3N4 depicting the polymer 

matrix (288.9 eV and 286.2 eV) was anchored onto C3N4 (284.7 eV). (d) FTIR spectra of 

guanine, MIP-C3N4 before washing and MIP-C3N4 indicating that guanine was 

successfully imprinted into the polymer matrix and subsequently removed by acid 

washing. 

The crystal structure and composition of supporting C3N4 was analyzed by its 

XRD pattern (Figure 5.5). Two major peaks were identified at 27.3 o (002) and 13.0 o 

(100) corresponding to the peak of inter-planar aromatic stacking and lattice planes 

parallel to ϲ-axis (313). Carbon nitride after edge oxidation (C3N4-COOH) was also 

Figure 5.3. Characterization of MIP-C3N4. 
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characterized by XRD to reveal any possible change on the CN skeleton (Figure 5.5). 

Although treatment with KMnO4 could degrade the CN skeleton (141, 314), we used 

relatively mild conditions that are not conducive to depolymerization, which was 

corroborated by the XRD diffractogram (Figure 5.5). Both C3N4 and C3N4-COOH 

showed a similar peak at 13° in the XRD diffraction patterns, indicating that 

depolymerization of the CN skeleton did not occur. The BET surface area was 85.4 m2/g 

for C3N4, 61.2 m2/g for MIP-C3N4, and 60.5 m2/g for NIP-C3N4 (Table 5.2), which is 

within the reported range for C3N4 (30 – 100 m2/g) (315-317).  

 

The Raman spectrum indicates that the MIP coating did not change the 

characteristic peak of C3N4 at 1385 (G-band) and 1565 cm-1 (D-band) (Figure 5.6). 

Although we observed a blue shift from the UV-VIS spectrum compared to bare C3N4 

(Figure 5.7), this shift was identical for both MIP-C3N4 and NIP-C3N4 photocatalysts, 

Figure 5.4. The morphology and thickness of C3N4 and MIP-C3N4 under AFM. 
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indicating that molecular imprinting did not change optical properties. Extent of surface 

modification was optimized through controllable oxidation of C3N4 and coating with 

various amount of MIP polymer. Four kinds of MIP-C3N4 with different MIP content 

were synthesized and characterized by FTIR analysis. Identical functional groups were 

identified from the FTIR spectrum (Figure 5.8). Detailed surface functional groups were 

investigated by XPS and their MIP content was assessed by the relative abundance of 

O=C-OH and O-C-O representing MAA monomer and EGDMA cross-linker, 

respectively (Table 5.3) (311). Although C3N4 treatment with KMnO4 could introduce 

oxygen-containing groups that confound estimation of the extent of coating per O=C-OH 

and O-C-O abundance, XPS characterization of C3N4 after substitution of the introduced 

carboxylic groups with vinyl groups showed the absence of oxygen-containing groups 

(Figure 5.9), which validates our estimation approach.  

 

 

Figure 5.5. XRD pattern of graphite-like carbon nitride (C3N4) and carboxylic 

carbon nitride (C3N4-COOH) 
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Table 5.2. Specific surface area of different catalysts. 

Catalyst Name Specific Surface Area (m2/g) 

C3N4 85.4 

MIP-C3N4 61.2 

NIP-C3N4 60.5 

TiO2 57.4 

 

 

 

Figure 5.6. Raman spectrum of C3N4, MIP-C3N4 and NIP-C3N4. 

Figure 5.7. The UV-VIS DRS spectra of bare C3N4, MIP-C3N4 and NIP-C3N4. 
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Table 5.3. Chemical bonds composition of MIP-C3N4 pretreated with different 

oxidation time and their photoactivity in removing blaNDM-1. 

Oxidation 

treatment 

duration 

(min) 

Chemical bond composition (relative 

abundance, %) 

Zeta 

potential 

(mV) 

Photocatalytic 

degradation rate 

constant k (min-1) C-N C-O-C O=C-OH 

0 100 ± 0.1 NA NA 0.42 NA 

30 59.0 ± 0.3 22.4 ± 0.1 18.6 ± 0.2 -0.88 0.126 ± 0.023 

60 47.2 ± 0.2 28.1 ± 0.2 24.7 ± 0.1 -1.08 0.084 ± 0.007 

90 35.9 ± 0.1 33.9 ± 0.2 30.2 ± 0.3 -1.45 0.045 ± 0.004 

120 31.3 ± 0.2 35.1 ± 0.3 33.6 ± 0.2 -1.58 0.045 ± 0.004 

 

ARG adsorption is positively correlated with MIP content, whereas eARG 

photocatalytic degradation activity exhibited a bell-shaped pattern as a function of 

polymer content (Figure 5.10). Specifically, photocatalytic degradation increased with 

polymer content (up to 18.6%) as eARG adsorption near photocatalytic sites enhanced 

treatment efficiency. However, further coating with this non-photoactive polymer had a 

detrimental effect on eARG degradation efficiency, apparently due to occlusion of 

Figure 5.8. FTIR spectra of guanine imprinted MIP-C3N4 with different MIP 

contents (18.6%, 24.7% and 30.2%) and after 10 reuse cycles. 
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photocatalytic sites on the C3N4 surface by excess polymer, which would hinder light 

penetration and photoexcitation. Therefore, care should be taken when optimizing the 

polymer content to achieve higher photocatalytic treatment efficiency. The MIP-C3N4 

formulation with highest photoactivity (corresponding to 18.6% relative abundance of 

O=C-OH) was adopted for subsequent experiments.  

 

Figure 5.9 XPS spectra of carbon nitride with vinyl groups (C3N4-CH=CH2). 

Figure 5.10. Influence of surface coating (molecular imprinted polymer) on blaNDM-1 

adsorption and photocatalytic degradation in DI water. 
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5.3.2 ARGs removal by MIP-C3N4 resists interference by background 

compounds in secondary effluent that scavenge ROS.  

Wastewater constituents can deteriorate the activity of catalyst in two ways: 1) 

compete with the target pollutant (e.g., blaNDM-1) for adsorption sites on the catalyst 

surface, and 2) scavenge ROS that could otherwise be used to degrade the pollutant. 

Molecular imprinting significantly enhanced selective blaNDM-1 adsorption and 

photocatalytic degradation in the presence of interfering compounds (Figure 5.11). 

Specifically, adsorption sites on NIP-C3N4 were occupied by competing compounds (i.e., 

peptone, sucrose, humic acid or other organics in secondary effluent), resulting in 86% to 

96% loss of blaNDM-1 adsorption at equilibrium (Figure 5.11 a). In contrast, MIP-C3N4 

maintained its high adsorption capacity (i.e., 95% and 98% of the uninhibited value) in 

the presence of peptone and sucrose, respectively. Adsorption of blaNDM-1 by MIP-C3N4 

was inhibited to a greater extent by humic acids (i.e., 58.5% of the uninhibited value) and 

secondary effluent (i.e., 90.2% of the uninhibited value), but still significantly 

outperformed NIP-C3N4 (Figure 5.11 a).  

MIP-C3N4 was highly resistant to interference by background constituents, 

showing no apparent loss of photocatalytic degradation efficiency towards blaNDM-1 

(Figure 5.11 b). Only a slight decrease in first-order degradation rate constant k (Table 

5.4) was observed in the presence of the competing organic compounds or secondary 

effluent (from 0.126 ± 0.023 min-1 to 0.111 ± 0.028 min-1) (Figure 5.11 b). Photocatalytic 

degradation of blaNDM-1 in secondary effluent was 37 times faster with MIP-C3N4 (0.111 

± 0.028 min-1) than with NIP-C3N4 (0.003 ± 0.003 min-1), highlighting the benefits of 

molecular imprinting. The lack of ARG removal by photolysis in light-only experiments 
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or in dark controls (after ARG adsorption sites on the MIP-C3N4 photocatalyst had been 

saturated) corroborates that photocatalysis was responsible for ARG degradation (Figure 

5.12). 

Adsorption (a) and photocatalytic degradation (b) of blaNDM-1 by MIP-C3N4 or NIP-C3N4 

in DI water (control) and in the presence of peptone (50 mg/L), sucrose (50 mg/L), humic 

acid (10 mg/L), or wastewater secondary effluent (TOC = 16.1 mg/L). Results are 

benchmarked against bare C3N4 and TiO2 (Evonik Degussa P25) in DI water or 

secondary effluent. 

Note that the benefits of molecular imprinting were not observed in DI, where 

MIP-C3N4 and NIP-C3N4 had similar DNA adsorption capacity based on Langmuir 

isotherms (Figure 5.13) (i.e., (4.32 ± 0.06) × 1010 copies/mg for MIP-C3N4, and (4.11 ± 

0.03) × 1010 copies/mg for NIP-C3N4). Apparently, DNA adsorbs in a non-specific 

Figure 5.11. Molecular imprinting of guanine on C3N4 enhances photocatalytic ARG 

degradation in the presence of various common organic compounds 
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manner onto the MAA polymer used for edge modification (i.e., MAA is rich in 

carboxylic acid groups that can adsorb DNA by hydrogen bonding). Both MIP-C3N4 and 

NIP-C3N4 also efficiently degraded blaNDM-1 in DI water without interfering compounds, 

achieving 3-log removal of blaNDM-1 within one hour with 0.5 mg/mL catalysts.  

Table 5.4. First-order rate constant (k) of blaNDM-1 removal by MIP-C3N4 or NIP –

C3N4, C3N4 and TiO2 (Evonik P25) in different water matrices. 

Water matrix Photocatalytic degradation rate constant k (min-1) 

MIP-C3N4 NIP –C3N4 C3N4 P25 

DI water 0.126 ± 0.023 0.123 ± 0.022 0.090 ± 0.020 0.116 ± 0.070 

Peptone (50 mg/L)  0.114 ± 0.022 0.006 ± 0.012 — — 

Sucrose (200 mg/L) 0.117± 0.021 0.029 ± 0.01 — — 

Humic Acid (10 mg/L) 0.132 ± 0.022 0.006 ± 0.005 — — 

Secondary effluent 

(TOC = 16.1 mg/L) 

0.111 ± 0.028 0.003 ± 0.003 0.003 ± 0.001 0.067 ± 0.009 

 

Figure 5.12. Lack of ARG removal in DI water by MIP-C3N4 without UVA 

irradiation (after its ARG adsorption sites had been saturated), or by photolysis 

with UVA irradiation alone. 
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The incorporation of guanine imprinted polymer provides specific sites for 

blaNDM-1 adsorption, and therefore mitigates interference by competing background 

constituents, which is a critical limitation for photocatalytic treatment of ARGs (174, 

318). These sites can selectively adsorb and concentrate DNA (including blaNDM-1) on the 

MIP-C3N4 surface where heterogeneous photocatalysis occurs. Thus, the photogenerated 

ROS was more likely to oxidize absorbed blaNDM-1 instead of being scavenged by 

background constituents. The preferential photocatalytic removal of guanine-containing 

compound by MIP-C3N4 was corroborated by tests with oligonucleotides having different 

guanine content (Figure 5.14). Adsorption and photocatalytic degradation tests showed 

(as expected) that MIP-C3N4 preferentially degrades DNA with higher guanine content, 

regardless of what the DNA codes for (e.g., antibiotic resistance). Since guanine is a 

Figure 5.13. Adsorption isotherm (a, b) and kinetics (c) of blaNDM-1 by MIP-C3N4 or 

NIP –C3N4 in DI water. 
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common constituent of DNA (and thus ARGs), this approach should also efficiently 

degrade other eARGs besides blaNDM-1. 

G0 (5’- CCCACCCACCCACCCAAA-3’), G1 (5’-GCCACCCACCCACCCAAA-3’), 

G2 (5’- CCCACCCACCGGCCCAAA-3’) and G3 (5’-CGCACCCACCGGCCCAAA-3’) 

contains zero, one, two and three guanines, respectively. 

Photocatalytic performance of MIP-C3N4 was also benchmarked against a 

commercially available photocatalyst (Evonik Degussa P25) and bare C3N4, in secondary 

effluent (Figure 5.11). Photocatalytic degradation of blaNDM-1 by P25 and bare C3N4 was 

significantly inhibited in secondary effluent compared to in DI water (0.116 ± 0.007 

versus 0.067 ± 0.009 min-1 and 0.090 ± 0.020 versus 0.003 ± 0.001 min-1, respectively). 

In contrast, MIP-C3N4 was less susceptibe to inhibition in secondary effluent, exhibiting a 

photocatalytic degradation rate constant (0.111 ± 0.028 min-1) which is 1.7 times higher 

than with P25 and 37-fold higher than with bare C3N4. 

Figure 5.14. Photocatalytic degradation (a) and adsorption removal (b) of 

oligonucleotides with different guanine contents by MIP-C3N4, C3N4, and P25. 
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5.3.3 Photogenerated h+ plays a key role during ARGs “trap and zap” 

degradation by MIP-C3N4.  

The incorporation of MIP resulted in a h+-dominant pathway of photocatalytic 

degradation of blaNDM-1, which differs from unmodified NIP-C3N4 where free radicals 

(i.e., •OH and O2-) were the preeminent oxidizers. The degradation of blaNDM-1 in the 

presence of ROS and h+ scavengers was investigated to gain further insight into the 

photocatalytic degradation mechanisms. Five common photogenerated reactive species 

(i.e., h+, •OH, 1O2, O2-, and H2O2) were evaluated in terms of their contribution to 

blaNDM-1 degradation. The results of scavenging tests indicate that h+ plays the most 

important role in the MIP-C3N4 catalytic system, whereas •OH and O2- are more 

important for blaNDM-1 degradation with NIP-C3N4 (Figure 5.15). The h+ on the catalyst 

surface is an important oxidative species (E0 = 1.5 eV) (319), but unlike ROS, it cannot 

diffuse into the bulk solution (187). Therefore, degradation of blaNDM-1 that is partially 

adsorbed to the MIP (on the edges of C3N4) occurs mainly on the bare photocatalyst 

surface. MIP would anchor blaNDM-1 close to the bare catalyst surface through specific 

binding to guanine bases. The photogenerated h+, therefore, can attack adsorbed blaNDM-1. 

The ESR spectrum corroborated the production of •OH by both MIP-C3N4 and NIP-C3N4 

during UVA irradiation (Figure 5.16), and its signal was significantly inhibited after 

adding the •OH scavenger (IPA) as expected.  

MIP-C3N4 can selectively entrap blaNDM-1 owing to its specific binding cavities 

left by template guanine molecules. These binding cavities help concentrate blaNDM-1 on 

the C3N4 surface, which facilitates blaNDM-1 degradation by a “trap-and-zap” strategy that 
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where degradation is mediated by photogenerated h+. In contrast, due to the lack of 

specific surface trapping, insufficient affinity of blaNDM-1 for the NIP-C3N4 surface does 

not favor direct contact and blaNDM-1 and degradation is primarily mediated by the free 

radicals (•OH and O2-) that diffuse away from photocatalytic sites.  

The scavengers utilized were 1 mM of isopropanol (IPA) for hydroxyl radicals, 1mM of 

L-histidine for 1O2, 10 mM of ammonium oxalate (AO) for electron holes, 50 kU/L of 

superoxide dismutase (SOD) for superoxide and 200 U/mL catalase for H2O2 

 

Figure 5.15. Importance of different reactive species in blaNDM-1 removal by (a) MIP-

C3N4 or (b) NIP-C3N4, reflected by the photocatalytic inhibition level. 

Figure 5.16. ESR spectra of MIP-C3N4 (a) and NIP-C3N4 (b) before and after spiked 

with •OH scavenger (IPA). 
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5.3.4 Extensive fragmentation by MIP-C3N4 inactivates ARGs more 

effectively.  

MIP-C3N4 can catalyze the degradation of ARGs to shorter DNA fragments and 

further to small molecules, eliminating the risk of ARG repair by transformed bacteria in 

receiving water systems, which is a major limitation for UV disinfection and chlorination 

(297, 320, 321). The chain length distribution of resistance plasmid pET-29a(+) 

(harboring blaNDM-1) (6255 bp) after treatment was determined by nanopore sequencing 

(Figure 5.17 a). After treatment by MIP-C3N4 for 10 min, the plasmids were fragmented 

(7490 fragments) with an average length of 867.5 bp (Table 5.5). Though only a minor 

change was observed for the average DNA length (829.4 bp) after extended treatment for 

60 min, the counts of total DNA fragments decreased significantly to 1794 (Table 5.5), 

indicating extended breakdown of the DNA fragments to smaller undetected molecules. 

This sequential fragmentation process was verified by the UV-Vis absorbance spectrum 

of treated blaNDM-1. The absorbance peak of treated blaNDM-1 blue-shifted from 260 to 245 

nm during the photocatalytic treatment (Figure 5.18), resulting from the generation of 

micro-molecules (322, 323). In contrast, NIP-C3N4 was less efficient in fragmenting 

blaNDM-1, yielding 5371 fragments with average length of 2675 bp after 60 min treatment 

(Figure 5.17 a, Table 5.5). This demonstrates that molecular imprinting with guanine 

endowed C3N4 with superior capability to mitigate antibiotic resistance propagation. 

Fragmentation significantly decreased the transformation potential of blaNDM-1. 

The decrease of transformation frequency was one order of magnitude higher than the 

decrease in blaNDM-1 abundance (Figure 5.17 b), and no viable transformed bacteria were 

observed after exposure to treated blaNDM-1. The faster deactivation of blaNDM-1 reflects 
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fragmentation of plasmid DNA, which cannot endow hosts with resistance even though 

the monitored amplicons (by qPCR) remain detectable (78). Moreover, additional ARG 

damage (e.g., double helix distortion (324) and partial despiralization) may be caused by 

photocatalytic oxidation, since the melting temperature of treated blaNDM-1 decreased 

from 89.5 to 82.5 ºC after treatment (Figure 5.19). Therefore, MIP-C3N4 photocatalytic 

treatment can outperform UV disinfection which generally does not cleave DNA (297, 

325) and thus expose the receiving environment to the risk of ARGs reactivation and 

propagation by transformed hosts (297, 321).  

(a) The DNA length distribution of blaNDM-1 sample after photocatalytic treatment by 

MIP-C3N4 (10 and 60 min) and NIP-C3N4 (60 min). (b) The change of blaNDM-1 

abundance and transformation frequency (normalized by untreated blaNDM-1) treated by 

MIP-C3N4 as photocatalyst for various treatment durations. 

 

Table 5.5. Total read count and average DNA length of blaNDM-1 sample after treated 

by MIP-C3N4 or NIP-C3N4 in DI water. 

Material Reaction time (min) Total read count Average length (bp) 

MIP-C3N4 10 7490 867.5 

MIP-C3N4 60 1794 829.4 

NIP-C3N4 120 5371 2675.3 

Figure 5.17. Fragmentation of blaNDM-1 during photocatalysis by MIP-C3N4. 
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Figure 5.19. The UV-Vis spectrum of blaNDM-1 sample treated by MIP-C3N4 

photocatalytic reaction at different times. 

Figure 5.18. The melting curve of blaNDM-1 sample treated by adsorption and 

photocatalytic reaction. 
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Stability tests demonstrate sustained performance of MIP-C3N4 for removing 

ARGs after repeated use. The photoactivity of MIP-C3N4 shows no significant loss after 

10 cycles (2 h/cycle) (Figure 5.20). The photoactivity of MIP-C3N4 in secondary effluent 

also outcompeted P25 TiO2 in reuse tests (Figure 5.20). Furthermore, no significant 

changes in morphology and surface functional groups occurred after 10 cycles, based on 

FTIR spectra (Figure 5.8) and SEM images (Figure 5.21). 

 

Figure 5.20. Reusability of MIP-C3N4 and P25 TiO2 in secondary effluent. 

Figure 5.21. SEM images of MIP-C3N4 after 10 cycles of reuse in secondary effluent. 
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In summary, a guanine-imprinted polymer coating enhanced proximity between 

target extracellular ARGs and photocatalytic sites, which improved the utilization of ROS 

and electron holes (h+) towards ARG degradation. Accordingly, MIP-C3N4 efficiently 

captured and fragmented beyond repair extracellular ARGs. Whereas it is premature to 

recommend this novel photocatalyst for full-scale application without a comprehensive 

techno-economic and life cycle analysis, this work demonstrates the potential value of 

molecularly imprinting to enhance photocatalytic treatment of secondary effluent and 

mitigate the dissemination of antibiotic resistance with discharges from sewage treatment 

plants.  
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Chapter 6 

Summary and Conclusions 

 

6.1 Summary and Conclusions 

Photocatalytic water treatment has been the subject of extensive research over the 

last three decades. A booming number of subfields under photocatalytic water treatment 

have emerged, leading to the development of enormous photocatalysts and various 

reaction mechanisms. However, at striking odds with the abundance of literature reports, 

there is extremely low number of systems currently using photocatalysis for water 

treatment in field, and no single municipal utility uses photocatalytic treatment to date. 

This dissertation contributes to identifying fundamental roadblocks in this field 

preventing transfer of research to practice. This study provides proof-of-concept on “tap 

and zap” strategy and potential approaches to address identified challenges. Salient 

contributions include the following. 

Developed easily-recoverable micron-sized TiO2 hierarchical spheres 

decorated with cyclodextrin for enhanced photocatalytic degradation of organic 
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micropollutants. Chapter 3 introduced a novel and facile method to micron-sized TiO2 

hierarchical spheres (TiO2-HS) that offer several advantages over existing TiO2-based 

photocatalysts. Various pollutants of dissimilar hydrophobicity (i.e., bisphenol A (BPA), 

bisphenol S (BPS), 2-naphthol, and 2,4-dichlorophenol (2,4-DCP)) were tested under 

different conditions to assess the applicability of CD-TiO2-HS. Recycling tests and 

surface chemistry (XPS) analyses were also conducted to assess photocatalyst stability. 

Photocatalytic performance and ease of separation for reuse were benchmarked against 

P25 to demonstrate the technical feasibility of this novel material for advanced water 

purification. This work provided proof-of-concept on the “trap and zap” strategy and 

demonstrated the cost-effectiveness of using micron-sized photocatalyst in slurry reactors 

for advanced water treatment.  

Crosslinked cyclodextrin with fluorinated monomer to create ROS resistant 

fluorinated polymer. Cyclodextrin coating developed in previous work was proved to be 

susceptible to photo-generated ROS attack, which downsized the durability, representing 

a major limitation for resilient applications. Chapter 4 reported hierarchical TiO2 

microspheres coated with a cross-linked, fluorine-containing β-cyclodextrin polymers 

(CDP-TiO2). We produced the CDP through condensation polymerization of β-

cyclodextrin and tetrafluoroterephthalonitrile and optimized the thickness of the coating 

on TiO2 microspheres to improve the efficiency of contaminant degradation. We 

demonstrated effectiveness of CDP-TiO2 in the uptake and degradation of BPA, and 

studied their performance under multiple and long-term photodegradation studies. The 

performance of CDP-TiO2 was benchmarked against CD-TiO2 and commercial TiO2 

(Evonik P25) for photocatalytic removal of BPA in a secondary effluent polishing 
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context. This work demonstrated crosslinking cyclodextrin with fluorinated polymers can 

significantly improve the adsorption and photocatalysis of organic contaminants.  

Demonstrated the potential of molecular imprinting to enhance selective 

photocatalytic destruction of eARGs. There is a growing need to mitigate the discharge 

of extracellular antibiotic resistance genes (ARGs) from municipal wastewater treatment 

systems. In Chapter 5, molecular-imprinted graphitic carbon nitride nanosheets (MIP-

C3N4) were synthesized for selective photocatalytic degradation of a plasmid-encoded 

ARG (blaNDM-1, coding for multidrug resistance New Delhi metallo-beta-lactamase) in 

secondary effluent. Photocatalytic degradation of blaNDM-1 by MIP-C3N4 was tested in the 

presence of different common organic compounds (i.e., peptone, sucrose, and humic 

acid). Photocatalytic performance in secondary effluent, where ROS scavengers are 

abundant, was benchmarked against both a commercial TiO2 photocatalyst and unprinted 

C3N4 as proof-of-concept that molecular imprinting can enhance the selectivity and 

efficacy of photocatalytic processes to degrade eARGs in complex matrices. MIP-C3N4 

was proved to efficiently catalyze the fragmentation of blaNDM-1, which decreased the 

potential for ARG repair by transformed bacteria. The photocatalytic mechanism was 

investigated through ROS scavenging tests and DNA fragment characterization. 

Molecular imprinting was found to change the primary degradation pathway; electron 

holes (h+) were the predominant oxidizing species responsible for blaNDM-1 removal with 

MIP-C3N4, versus free radicals (i.e., •OH and O2-) for coated but non-imprinted C3N4.  
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6.2 Significance and Implications 

The main contributions of this dissertation are identifying fundamental roadblocks 

to practical photocatalytic water treatment and developing potential approaches to 

address these challenges. Specifically, micron-sized photocatalysts assembled from nano-

sized building blocks preserves the outstanding photoactivity and would enable low-

energy separation of photocatalysts from treated effluent. This will obviate the need for 

high-energy separation processes such as ultrafiltration or nanofiltration and reduce the 

energy requirement in slurry reactors using nano-sized photocatalysts (e.g., Evonik P25). 

Moreover, the “trap and zap” strategy would mitigate the scavenging effect from 

background constituents in realistic wastewater matrices, enhance the photocatalytic 

efficiency and endow photocatalysts with selective treatment capacity towards target 

contaminants. Important trade-offs, such as enhanced adsorption versus photocatalyst 

occlusion, have been identified and investigated, which would guide future research in 

this field. In addition, photocatalysis was proven to efficiently catalyze the fragmentation 

of ARGs, which decreased the potential for ARG repair by transformed bacteria. This 

brings photocatalysis to the forefront of ARG control and calls for further research to 

explore. The development of ROS resistant fluorinated polymers for surface modification 

would provide a facile and general way to improve the stability of photocatalyst. This 

may also benefit other-organic modified catalysts with limited durability issues, and 

extend their potential for resilient applications in a repeated use scenario.  

Overall, the main discoveries in this dissertation have significant implications. 

This dissertation delivered an important message to the community that inherent 
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constraints of photocatalytic technologies cannot be overlooked when translating new 

research outcomes to practical applications. Also, development of promising 

implementations of the “trap and zap” strategy and identifications of pitfalls need to 

avoid would provide useful insights for future research with similar purposes. Our 

preliminary results and suggestions will facilitate future development of photocatalyst 

that have eminent performance and high durability to sustain repeated use and attrition, 

along with qualities that enable low-energy recovery from treated effluent. 

6.3 Suggestions for Future Research 

6.3.1 Improve the stability and selectivity of molecular imprinted 

photocatalyst. 

In this thesis, we provided proof-of-concept on molecular imprinted photocatalyst 

in selective photocatalytic destruction of eARGs. Here, we used methacrylic acid as the 

monomer for polymer synthesis. However, we expect the polymer we utilized in this 

thesis is susceptible to ROS attack. Therefore, more efforts could be put in developing 

ROS resistant polymers (e.g., fluorinated polymer) and explore their feasibility in ARG 

trapping.  

Moreover, pristine carbon nitride, which was used as the molecularly imprinted 

photocatalyst in this thesis, has a intrinsic high electron-hole recombination rate, which is 

a major limitation for photocatalytic applications. To address this shortcoming, future 

study could develop efficient and sustainable heterjunction structures, by introducing a 

dopant or co-catalyst.  
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In addition, we used guanine as a single template, which provided the selectivity 

of ARGs over background constituents (e.g., NOM and inorganics). However, guanine 

imprinted photocatalyst might be less helpful for preferential removal of a specific ARG 

in the presence of other DNA. Therefore, investigations on templates with more specific 

composition or sequence could provide more insights into the effectiveness of molecular 

imprinting strategy in an application scenario with high demand for the selectivity. 

6.3.2 Create versatile and quantifiable criteria for assessing the 

performance of photocatalytic water treatment technology 

In this dissertation, we developed several technologies to improve the 

applicability of photocatalytic water treatment. However, when benchmarking against 

reported technologies, most of the literature papers tend to overpresent the opportunities, 

almost entirely reflected by the photoactivity, and underrepresent the underlying 

constrains when applied in practice. For example, most literature reports failed to justify 

the claimed stability by ten or even less successive repeated batch treatments, which sums 

to a testing duration on the order of a few hours. However, it should be noticed that water 

treatment is generally a large-scale continuous process, where long-term stability over 

thousands of hours is a determinant factor for success. Therefore, more factors need to be 

taken into considerations, such as cost-effectiveness, the feasibilities of large-scale 

production, and long-term stability, to ensure the claimed potentials will hold the water. 

This highlights the necessity for multidimensional criteria which will help and regulate 

future research to develop technologies that are more likely to attract commercial interest. 



 

130 

6.3.3 Reactor design 

Fundamental constrains, including those covered in this dissertation, need to be 

addressed for photocatalytic water treatment to achieve commercial success. Previous 

research focused on developing engineered novel materials, but arguably neglects great 

opportunities to tackle these challenges through innovative reactor design. In addition, a 

single photocatalyst possessing all required features could be too sophisticated or 

overdesigned, and therefore unfeasible for large-scale production. In this scenario, smart 

reactor design can provide supplementary features to enhance light penetration, overcome 

mass transfer limitations, reduce energy requirements, and improve overall treatment 

performance.
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