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Abstract 

Towards Rational and Sustainable Design of Graphitic Carbon Nitride for Antibacterial 

Applications 

Nathália Aquino de Carvalho, Ph.D. 

 

University of Pittsburgh, 2022 

 

 

 

 

Graphitic carbon nitride (g-C3N4) is an emerging visible-light-responsive photocatalyst 

with desirable antimicrobial activity. Considering synthesis choices that lead to competitive 

performance and minimize environmental and human health impacts is critical for developing g-

C3N4 as an effective and sustainable disinfection alternative. This dissertation demonstrates the 

ability to rationally design g-C3N4 by chemical composition manipulations during synthesis, 

enabling control of g-C3N4 photocatalytic antibacterial response. Further, a life cycle assessment 

(LCA) of g-C3N4 syntheses offers concrete opportunities for the reduction of synthesis related 

impacts. 

g-C3N4 properties that influence photocatalytic bacterial inactivation (i.e., band gap, 

intermediate defect states, dispersed surface area, absorbance in suspension, and charge 

separation) are compared across six samples modified using different synthesis temperature and 

carbon-doping. The effect of altering these material properties on the production of reactive 

oxygen species is investigated and linked to the ability to inactivate Escherichia coli bacteria. 

Results indicate that C-doping is an effective avenue to modulating g-C3N4 properties, and it 

induces variable levels of bacterial inactivation. C-doping is also successful in expanding g-C3N4 

visible light range from 449 nm to 588 nm while maintaining a level of antibacterial activity.  

To evaluate the sustainability of g-C3N4, a LCA is completed for predominant synthesis 

routes, and their environmental impacts are benchmarked to a competitive photocatalyst 



 v 

alternative, titanium dioxide nanoparticles (nano-TiO2). Results reveal energy demand during 

synthesis as the major contributor to the environmental impacts, highlighting opportunities to 

reduce the impacts through several suggested synthesis process modifications. The sustainability 

claim of g-C3N4 is found to depend on the particular synthesis route and underlying assumptions 

of the comparison to nano-TiO2. Expanding the analysis of g-C3N4 to the use-stage shows benefits 

from activating g-C3N4 with visible wavelength light emitting diodes instead of ultraviolet (UV) 

wavelengths for nano-TiO2. Given g-C3N4 high embodied resource footprint, any mass of g-C3N4 

used for disinfecting drinking water to viral load reduction standards results in greater impact than 

UV disinfection. 

Collectively, the research in this dissertation provides novel findings contributing to further 

development of g-C3N4 as a competitive sustainable antimicrobial, supporting rational design 

through synthesis modifications to control disinfection performance and reduce synthesis 

associated environmental impacts.  
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1.0 Dissertation Introduction 

1.1 Motivation 

1.1.1 The Use of and Need for Antimicrobial Agents 

Antimicrobial agents are necessary for control and prevention of infectious diseases. The 

World Health Organization (WHO) reported in 2019 that at least 2 billion people worldwide 

depend on a drinking-water source that is contaminated with feces, and estimated 485,000 

diarrheal deaths each year caused by drinking contaminated water.1 Contamination of water is 

linked to the transmission of diseases that pose risk to human health (e.g., cholera, diarrhea, 

dysentery, hepatitis A, typhoid, polio) and remains a major public health concern. Conventional 

disinfection methods (e.g., chlorination, ozonation, ultraviolet irradiation) are effective in 

inactivating pathogens, but their applications are limited because of the harmful byproducts formed 

during disinfection, immense energy demands, expensive equipment requirements, and/or 

resistance in target pathogens.2-4 Therefore, there is a pressing need to develop effective, stable, 

sustainable, and low-cost disinfectant technologies. Driven by challenges associated with water 

quantity, water quality and aging infrastructure, the global market for advanced technologies for 

municipal water treatment was valued at $12.8 billion in 2020 and expected to reach $20.5 billion 

in 2026,5 highlighting the worldwide high investments in technologies to obtain clean water. 

In addition to uses in water treatment, antimicrobial agents are widely applied to coatings.6-

8 Antimicrobial coatings aid in infection-control by eliminating disease-causing microorganisms 

on surfaces that otherwise serve as effective transmission pathways. Silver, copper, and titanium 



2 

dioxide (TiO2) dominate this multi-billion-dollar industry, with primary applications found in 

medical and healthcare, food and beverage, building and construction, HVAC systems, protective 

clothing, and transportation sectors.9 The global market for the antimicrobial coating industry was 

valued at $3.2 billion in 2020 and is expected to increase to $5.9 billion by 2026,9 presenting 

further evidence of the need for antimicrobial agents as well as motivation to continue their 

development. 

1.1.2 Photocatalysts as Antimicrobial Agents 

Heterogenous photocatalysis was first reported by Fujishima and Honda in 1972, when 

they demonstrated photolysis of water on a TiO2 electrode.10 Since then, it has been widely 

explored and shows great potential to address global energy and environmental issues.11-13 The 

global market for photocatalyst-based products is projected to generate nearly $5.1 billion in 2026, 

increasing from $2.9 billion in 2020, including antimicrobial applications across the 

environmental, consumer product, construction, automotive, and medical/dental industry sectors.14 

Preferred photocatalyst characteristics include visible-light activation (to avoid high energy 

requirements to initiate the process), chemical stability, efficient generation of photoinduced 

charges and subsequent transfer to the material surface, and economic viability for the desired 

application.15 

The photocatalytic process consists of four main steps outlined in Figure 1.1: (I) energy of 

equal or higher magnitude than the optical band gap energy is absorbed by the photocatalyst 

exciting the electrons from the valence band (VB) to the conduction band (CB), forming electron-

hole pairs; (II) partial recombination of generated electron-hole pairs occurs, releasing energy as 

heat; (III) photoinduced charges migrate to the surface of the photocatalyst; and (IV) excited 
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electrons and holes at the material surface serve as active sites for redox reactions, generating 

reactive oxygen species (ROS), such as hydroxyl radical (•OH), superoxide radical (•O2
−), 

hydrogen peroxide (H2O2), and singlet oxygen (1O2).
16  

 

Figure 1.1. Schematic of the visible light photocatalytic process.  CB = conduction band, VB = valence band, 

ROS = reactive oxygen species, e– = electrons, h+ = holes. 

 

Photocatalysis has been extensively studied for antimicrobial applications (e.g., water and 

wastewater treatment and antimicrobial surface coatings), including bacteria (planktonic and 

biofilm) and viruses.17-25 The generation of ROS by photocatalysis is crucial for microbial 

pathogen inactivation since ROS react with components of the cell that can lead to inactivation 

(e.g., by protein inhibition, DNA damage, and/or alteration in metabolism).26-28 ROS generated by 

the photocatalytic process can inactivate pathogens effectively due to their high oxidizing power 

and fast disinfection kinetics. Since photocatalytic disinfection process occurs in situ, it eliminates 

challenges associated with transport, handling, and storage of strong oxidants. Further, visible-

light-activated photocatalysts take advantage of a larger proportion of the solar spectrum (43% is 

in the visible region, 400 – 700 nm wavelength, as opposed to 9% for ultraviolet (UV), 280 – 399 

nm wavelength29), reducing the energy and chemical footprint for the disinfection process.  
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TiO2 is the most established photocatalytic material, with a global market value of $2.9 

billion in 2020 and projected to reach $5.1 billion in 2026.14 However, TiO2 requires high energy 

UV light, limiting the utility of solar activation and necessitating higher cost (economic and 

energy) artificial light sources. Thus, there is an opportunity to contribute to the multi-billion-

dollar photocatalyst global market with sustainable, visible-light-responsive photocatalysts.30-32 

Graphitic carbon nitride (g-C3N4) is emerging in this area as a non-metal, sustainable alternative 

to existing TiO2-based, bismuth-based, carbon-based, ZnO-based, MoS2-based, (oxy)nitrides-

based, and oxysulfide-based visible-light-responsive photocatalyst candidates.33,34 

1.1.3 g-C3N4 as a Promising Photocatalyst for Antibacterial Applications 

g-C3N4 was first reported by Berzelius and Liebig in 1834, but it was in 2009 that it 

emerged in the photocatalysis field.35 Since then, g-C3N4 research for photocatalytic applications 

has substantially increased (Figure 1.2). g-C3N4 was revealed in 2014 as a visible-light-responsive 

photocatalyst with bactericidal effects against Escherichia coli in liquid media.36,37 The excellent 

antimicrobial potential of this material has been explored (Figure 1.2 insert) and confirmed for 

relevant pathogens such as methicillin-resistant Staphylococcus aureus (MRSA), Salmonella, 

Staphylococcus aureus, antibiotic-resistant bacteria belonging to Enterobacteriaceae family, and 

the bacteriophage MS2.28,38-41 g-C3N4 has also been studied for applications in pollutant 

degradation, hydrogen evolution via water splitting, and carbon dioxide reduction.42,43 Outside the 

realm of photocatalysis, it has applications in the fields of sensing, imaging, light-emitting devices, 

electrocatalysis, and energy storage and conversion.44,45 The success of g-C3N4 in those 

applications fueled increased interest in its design for improved performance. 
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Figure 1.2. Journal publications reporting g-C3N4 photocatalysis by year. Search in Scopus using “carbon 

nitride” OR “g-C3N4” AND photocataly*. The inset refers to publications focusing on g-C3N4 photocatalysis 

for antibacterial applications, with search in Scopus using ("carbon nitride" OR "g-C3N4" AND 

photocataly*) AND (disinfect* OR *bacteria*). 

 

The attractiveness of this emergent photocatalytic nanomaterial comes from its optical, 

electronic, and chemical properties, which can be tailored to modulate its photocatalytic 

activity.16,46,47 g-C3N4 has a relatively facile synthesis from precursors that are earth-abundant and 

inexpensive (e.g., melamine, urea). Its chemical structure is composed of carbon and nitrogen 

atoms, making it a metal-free material. It has high thermal stability (i.e., resistant to air oxidation 

up to 600 ℃), and chemical stability in both acidic and alkaline environments (e.g., insoluble in 

water, organic solvents, bases, and diluted acids), it is biocompatible in the dark, and presents very 

low inherent human toxicity.48-50 Since the photocatalytic process primarily depends on the optical 

band gap of the material, the promise of bulk g-C3N4 as a visible-light photocatalyst emerges from 
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a band gap of 2.70 eV (i.e., the ability to absorb photons up to 460 nm).51 There is also the ability 

to modulate the g-C3N4 band gap, with reported ranges from 1.80 – 2.88 eV,52-55 indicating the 

potential to utilize 13 – 51 % of the solar spectrum (Air Mass 1.5 spectra, global total irradiance 

on the 37° sun-facing tilted surface).29 Despite all of these advantages, the photocatalytic activity 

of bulk g-C3N4 is limited owing to low visible light utilization, low surface area, and fast charge 

recombination.16,56 Thus, there is a need for research efforts aimed at modifying the g-C3N4 

chemical structure to overcome these limitations and ultimately design a competitive photocatalyst 

for practical applications. 

1.1.4 Rational Design for Tailoring g-C3N4 Antimicrobial Performance  

g-C3N4 is composed of two-dimensional (2D) interconnected tri-s-triazine (heptazine) 

sheets (Figure 1.3),57,58  The chemical composition of g-C3N4 can be manipulated for enhancing 

its photocatalytic performance.  

 

Figure 1.3. Tri-s-triazine (heptazine) structure of g-C3N4. 
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Changing the chemistry by doping or surface functionalization has been shown to enhance 

charge separation efficiency, increase surface area, properly position band energy locations, and 

raise visible-light absorption by reducing the band gap.46,53,59-61 All of these properties contribute 

to ROS generation,62 and have been shown to significantly affect g-C3N4 antimicrobial 

activity.26,63,64 Band gap affects antimicrobial performance because it determines the available 

photon wavelengths for absorption necessary to generate electrons and holes,52 and ultimately to 

produce ROS that react with bacteria to inactivate them.26 Surface area is important for 

photocatalytic disinfection because it is linked to migration of the photogenerated electrons and 

holes to the material surface where it can interact with the environment to produce ROS.65 

Moreover, large surface area provides a higher number of active sites for hole generation, allowing 

more reactions to occur and enhancing the inactivation potential.37 Charge separation efficiency is 

related to photocatalytic activity since production of electrons and holes are necessary for ROS 

generation. Therefore, it is desirable that these charge carriers remain separated (i.e., do not 

recombine) for as long as possible.46 The thermodynamic ability of photocatalysts to produce ROS 

depends on the CB and VB potential positions relative to the redox potentials of the surface 

reactions.60 For instance, oxidation occurs if the oxidation potential of the surface reaction is more 

negative than the VB potential. Similarly, it is only possible for reduction to be achieved if the 

reduction potential of the surface reaction is more positive than the CB.16 Taking bulk g-C3N4 as 

an example, it is thermodynamically possible for this photocatalyst to directly produce •O2
− via 

one-electron reduction of O2 because its CB potential (-1.00 V versus normal hydrogen electrode 

(NHE)) is more negative than the redox potential of O2/•O2
− (-0.33 V versus NHE), but it cannot 

directly oxidize water to produce •OH on the VB because its VB (1.70 eV) is less positive than 

•OH/H2O redox potential (2.32 V versus NHE). While mechanisms of ROS-driven g-C3N4 
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antimicrobial activity have been proposed,15,36,39,66 there remains an opportunity to elucidate how 

to control the response based on manipulations of chemical composition. 

Bulk g-C3N4 is composed of micron-sized multiple stacked layers and suffers from limited 

photocatalytic activity. Manipulations of g-C3N4-based materials for antibacterial applications are 

used to overcome this limitation and move towards developing g-C3N4 as an effective 

antimicrobial agent. Design strategies for modifying g-C3N4 structure have been investigated 

aiming to increase antibacterial activity and they include molecular doping (e.g., metal doping, 

non-metal doping, co-doping), nanostructure design (e.g., nanosheets, hollow nanospheres, 

nanopores, nanowires, nanozymes), and constructing heterojunctions (e.g., binary, ternary, Z-

scheme).42,67,68 Among these pathways to control bacterial inactivation through synthesis, there is 

a motivation to use non-metal doping to mitigate the potential release of toxic metals as well as 

eliminate the disadvantages of a high embodied resource footprint (e.g., raw material availability,  

energy demand associated with metal mining and refining). 

While there are several options for non-metal dopants, a literature review on carbon-doping 

(C-doping) to alter g-C3N4 chemical composition highlights the ability to change material 

properties that affect photocatalytic performance (Table 1.1). C-doping is successful in extending 

visible-light absorption by narrowing the band gap, shifting VB and CB locations, increasing 

surface area, enhancing separation and transfer efficiency of the photoinduced electron-hole pairs 

while decreasing their recombination and increasing their lifetimes, and adding defect states (e.g., 

nitrogen vacancies). This literature review also drew attention to the fact that no study using C-

doping as a tool to modify g-C3N4 chemical composition had investigated the effect of this 

synthesis method on the photocatalytic activity response against biological targets (e.g., bacteria 

and viruses). The promising potential of using C-doping to leverage g-C3N4 photocatalytic activity 
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coupled with the knowledge gap regarding its effect on bacterial inactivation propels research 

efforts addressed in this dissertation. 

 

Table 1.1. Summary of the C-doped g-C3N4 literature showing the photocatalytic endpoints, and the C-doping 

effects on material properties that affect photocatalytic performance. 

Photocatalytic Endpoint C-doping effects on relevant photocatalytic material properties  

H2 production 

Narrow band gap 69-73 

Increase band gap 74 

Change VB position 70-72,74 

Change CB position 69-72,74 

Increase charge separation efficiency 69-75 

Enhance charge transfer efficiency 69-72,74 

Decrease charge transport resistance 69,71,73 

Reduce charge recombination rate 69,70,72,74 

Increase charge carrier density 70,74 

Increase electrical conductivity 71 

Increase charge lifetime 74 

Add defect states 74 

Flatten Fermi levels 74 

Rhodamine B 

degradation 

Narrow band gap 69,76 

Change CB position but not VB 69 

Shift the potentials of both VB and CB positively 76 

Enhance charge separation and transfer efficiency 69,76 

Decrease charge transport resistance 69 

Reduce charge recombination rate 69 

Increase electrical conductivity 76 

Enhance photooxidation activity 76 

Increase photoreduction activity 76 

Increase photocurrent density 76 

Bisphenol A 

degradation 77 

Narrow band gap 

Change VB and CB positions 

Suppress charge recombination 

NO removal 78 

Narrow band gap 

Boost the electron mobility and accelerate charge transport 

Suppress charge recombination 

 



10 

Table 1.1 (continued) 

Gaseous benzene 

degradation 79 

Enhance light absorption ability 

Inhibit charge recombination  

Contribute to charge separation and transfer  

Improve electronic conductivity 

4-Nitrophenol 

degradation 80 

Narrow band gap 

Enhance charge separation 

Improve the electronic conductivity 

Decrease charge transfer resistance 

Sulfamethazine 

degradation 81 

Narrow band gap 

Decrease CB and slightly increase VB 

Inhibit charge recombination 

Increase the electrical conductivity and facilitate electron transfer 

Methylene blue 

degradation 82 

Enhance visible-light absorption 

Decrease charge recombination rate 

Increase charge separation 

X–3 B degradation 83 

Narrow band gap 

Raise VB and downshift CB 

Restrain charge recombination 

1.1.5 Life Cycle Assessment as a guiding tool for sustainable design of g-C3N4 

Assessing the embodied resources and associated impacts of engineered nanomaterials at 

early stages of development is critical for their sustainable development. Life cycle assessment 

(LCA) is an established methodology to determine the cumulative environmental and human 

health impacts of a defined system over its complete life cycle (i.e., raw materials extraction, 

manufacturing, use phase, and end of life), and it is guided by the ISO 14040 and 14044 

standards.84,85 This comprehensive tool can be used to determine the resource intensity of a 

nanomaterial synthesis (e.g., impacts of raw materials, precursors, processing energy, toxic inputs 

and/or emissions), which is critical to minimizing upstream impacts. 
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In addition to tailoring the chemical structure of g-C3N4 for increased photocatalytic 

performance, sustainable design can be achieved at synthesis through decisions surrounding 

precursors, reagents, equipment type, and processing time and temperature, for example. LCA 

studies comparing the environmental impacts of nanomaterials synthesized by different methods 

have identified high impact components of the material production, synthesis method tradeoffs, 

and thus, opportunities for reducing the overall impacts prior to scaling production.86-88 

While g-C3N4 is proposed as a sustainable alternative photocatalyst,36,64,89,90 there is no 

study to date that quantitatively supports these claims. Applying the LCA approach to g-C3N4 

while it is in early stages of development will support proactive design of g-C3N4-based 

photocatalysts along more sustainable pathways before these nanomaterials are widely diffused 

into the market. 

1.2 Dissertation Objectives and Organization 

The overall objective of this dissertation is to guide the development of an effective and 

sustainable antimicrobial agent based on rational design of photocatalytic g-C3N4. Accordingly, 

this study is divided into two specific aims:  

i) Inform rational design of g-C3N4 for antimicrobial applications by establishing the 

relationship between chemical composition, physicochemical properties that govern 

the mechanisms of photocatalytic performance, and bacterial inactivation efficacy. 

This was achieved by modifying g-C3N4 chemical composition by C-doping and 

investigating how this approach affects reactive species production by altering the 
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band gap, intermediate defect states, dispersed surface area, absorbance in 

suspension, and charge separation. This work is presented in Chapter 2. 

ii) Uncover opportunities to reduce the resource footprint and associated environmental 

impacts of g-C3N4 syntheses, and assess g-C3N4 nanosheet sustainability by 

benchmarking its environmental impacts to a well-established photocatalyst. This was 

studied by using life cycle impact assessment to evaluate the environmental impacts 

of predominant g-C3N4 synthesis routes. This work is presented in Chapter 3. 

This introductory chapter provides a brief introduction of the use of and need for 

antimicrobial agents, and presents photocatalysts as potential alternative antimicrobial agents.  

Chapters 2 and 3 focus on g-C3N4 as a potential sustainable alternative photocatalyst for 

antibacterial applications, offering concrete suggestions for rational design for improved 

performance and sustainability. An additional contribution to the published literature resulting 

from my PhD research addresses viral persistence in liquid media. More specifically, the 

evaluation of the bacteriophage Phi6 persistence in liquid media and its suitability as an enveloped 

virus surrogate (included in Appendices C and D). Finally, Chapter 4 summarizes major findings 

in this dissertation and proposes future research directions. 



13 

2.0 Using C-Doping to Identify Photocatalytic Properties of Graphitic Carbon Nitride that 

Govern Antibacterial Efficacy 

Reprinted (adapted) with permission from: 

Aquino de Carvalho, N.; Wang, Y.; Morales-Soto, N.; Waldeck, D.; Bibby, K.; Doudrick, K.; 

Gilbertson, L. ACS Environmental Science &Technology Water 2021, 1, 2, 269–280. DOI: 

10.1021/acsestwater.0c00053 

Copyright 2021 American Chemical Society 

Graphitic carbon nitride (g-C3N4) is a promising sustainable photocatalyst for bacterial 

disinfection. Herein, carbon-doping (C-doping) was employed to manipulate g-C3N4 

physicochemical properties and demonstrate a potential avenue towards rationally designing g-

C3N4 for improved antibacterial efficacy. Six g-C3N4 samples were prepared by thermal 

condensation with increasing amounts of barbituric acid (5-50% C-doping) and varying pyrolysis 

temperatures (550 and 600°C). Relationships between the synthesis approach, the resulting 

physicochemical properties, and the efficacy for bacterial inactivation are identified. C-doping was 

found to decrease the E. coli K12 inactivation rate, and the g-C3N4 synthesized at 550°C (base 

sample) was found to have the best photocatalytic performance. The results indicate significant E. 

coli inactivation with 5% and 15% C-doped samples, revealing that C-doping is an effective 

avenue to expand the visible light range of absorption while inducing disinfection. Further, the 

base sample is effective against clinically- and environmentally-relevant antibiotic-resistant 

pathogens, methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant 

Enterococcus faecalis. 

https://doi.org/10.1021/acsestwater.0c00053
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2.1 Introduction 

The threats to human health that are posed by pathogens from water and solid surfaces 

remain significant.91,92 Current control and prevention of bacterial infections requires disinfecting 

agents generated from chemicals (e.g., sodium hypochlorite) or high energy radiation (e.g., 

ultraviolet (UV) photons).93 The transport, toxicity, formation of carcinogenic disinfection 

byproducts, high cost, and high energy challenges associated with these current approaches 

motivates the development of sustainable and cost-effective disinfection technologies.94,95  

Disinfectants are used for a wide range of applications, including healthcare, water 

treatment, consumer product surfaces, and food packaging.96-99 They are also incorporated into 

point-of-use and point-of-entry technologies to prevent exposure caused by recontamination of 

drinking water in the distribution system, contaminated well water, off-grid living, and space 

exploration.100-102 The use of light to activate the production of disinfection agents, namely reactive 

species (RS), via photocatalysis is a promising alternative. Photocatalysis has been extensively 

studied for applications in drinking water and wastewater treatment as well as for antimicrobial 

surface coatings because of its demonstrated ability to inactivate bacteria, viruses, and 

microalgae,19,103 suppress biofilm formation,25,104 and degrade organic compounds105,106. Yet, the 

translation to commercial adoption has been inhibited by the (i) high cost associated with light 

sources for activation, (ii) low photoconversion efficiencies associated with high recombination 

rates of photogenerated electron-hole pair excitations, (iii) low-activity of visible-light active 

photocatalysts, and (iv) use of photocatalysts that are chemically unstable, composed of expensive 

elements, or made from toxic precursors.107 
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Graphitic carbon nitride (g-C3N4) is an attractive non-metal photocatalyst because it is 

synthesized from precursors that are abundant and cheap (e.g., melamine and urea), responsive to 

visible light, biocompatible in the dark, resistant to photo-corrosion and air oxidation, chemically 

stable in most solvents, presents very low toxicity to humans, and its optical properties can be 

manipulated.48,49,62 g-C3N4 has demonstrated efficacy towards viral and bacterial inactivation,28,108 

chemical pollutants degradation,16,109 cancer therapy,110 water splitting, and CO2 

photoreduction111,112 upon visible-light activation. Despite the aforementioned advantages, bulk g-

C3N4 displays low photocatalytic activity arising from its poor visible-light absorptivity, low 

specific surface area, and fast charge recombination rate.16,56 The photocatalytic performance of 

g-C3N4 can be improved by changing the synthesis temperature,113 and through composition 

modifications, such as metal doping, non-metal doping, co-doping, and composite formation with 

other semiconductors.114,115 These modifications aim to increase surface area, enhance visible-light 

absorption, alter the band energy locations, vary the abundance and type of catalytically relevant 

structural defects, and improve charge separation and transfer efficiency, which are the properties 

anticipated to increase photocatalytic activity.46,53,115,116 Despite these efforts, there are conflicting 

accounts of g-C3N4 structure and composition that influence antibacterial efficacy, and this 

constrains a priori design of g-C3N4 materials for enhanced performance towards a given target 

(see Table A.1 in Appendix A with compiled results on property-antibacterial activity 

relationships from studies of g-C3N4 used for photocatalytic bacterial inactivation in solution under 

visible-light irradiation).  

Tailoring g-C3N4 chemical structure by carbon-doping (C-doping) has been explored for 

enhancing photocatalytic performance in chemical degradation and hydrogen production 

applications,60,69-83,117-119 yet no study to date has investigated the effects of C-doping on 
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photocatalytic bacterial inactivation. Identifying the governing photocatalytic properties of C-

doped g-C3N4 for antibacterial applications will uncover the possibility of translating the current 

knowledge of C-doped g-C3N4 photocatalytic activity across applications or add insight into how 

this approach influences antibacterial activity. 

When a photocatalyst absorbs a photon of an energy greater than the band gap, it forms 

electron (e–) and hole (h+) pairs. Under irradiation, these photogenerated electrons and holes can 

migrate to the surface of the photocatalyst and react with surface bound species.120 Through 

reactions with adsorbed water or oxygen, the h+/e– can form reactive oxygen species (ROS), 

including: hydroxyl radical (•OH), superoxide radical (•O2
−), hydrogen peroxide (H2O2), and 

singlet oxygen (1O2). These ROS, h+ (combined denominated RS), and e– can inactivate bacteria 

through reactions with molecular components at its membrane surface as well as those internal to 

the bacterial cell (e.g., by lipid peroxidation, protein inhibition, DNA damage, and/or alteration in 

metabolism).26-28,121 The ability to change g-C3N4 RS and e– generation by manipulating its 

chemical composition (e.g., by C-doping)62 suggests the potential to leverage this approach to gain 

control over properties that govern antimicrobial activity. While mechanisms of RS-driven g-C3N4 

antimicrobial activity have been proposed,15,36,39,66 less is known about the connection between the 

antimicrobial activity and the g-C3N4 material manipulations by C-doping. Discovering the 

relationships between g-C3N4 material properties that govern the mechanisms of photocatalytic 

antimicrobial performance and how those properties can be manipulated with the chemical 

composition will enable the rational design of this emerging, sustainable, photocatalytic material.  

In this work, we investigate how changes in g-C3N4 chemical composition by C-doping 

alter the physical and chemical properties that affect RS production and consequently, the efficacy 

of inactivating bacteria. This was addressed by synthesizing six different g-C3N4 samples at 
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increased levels of C-doping and pyrolysis temperature. The properties important to photocatalytic 

activity were characterized, including band gap, intermediate defect states, dispersed surface area, 

absorbance in suspension, and charge separation. The antibacterial activity was examined by using 

Escherichia coli (E. coli) K12 as the model bacterium for all six samples, and the most reactive 

sample was further tested against clinically- and environmentally-relevant strains, methicillin-

resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus faecalis (VRE). 

The systematic approach to modulating g-C3N4 chemical composition employed herein enables us 

to probe the properties important for enhancing the photocatalytic performance of g-C3N4. 

2.2 Materials and Methods 

2.2.1 Synthesis of Systematically Modified g-C3N4 

g-C3N4 samples were synthesized by preassembly of triazine precursors, based on 

previously described methods.60,75,122,123 The base sample, herein denoted as CN-550, was 

synthesized by thermal condensation of melamine (1 g) and cyanuric acid (in a 1:1 molar ratio) in 

a tube furnace (Thermo Scientific Lindberg/Blue M TF55035A-1). The precursors were dispersed 

into 40 mL of ethanol and the mixture was stirred at room temperature for 3 h. After stirring, the 

suspension was bath sonicated (VWR Scientific Aquasonic 150HT, sonic power of 135 W) at 

room temperature for 1 h and then dried at 70 C on a hot plate in air until only a solid material 

remained. The solid was ground using an agate mortar and pestle to form a fine powder. Finally, 

the powder was transferred to a quartz crucible and placed into a tube furnace at 550 C (4 h, 2.3 

C/min heating rate, under helium gas flow). C-doped samples (labeled C-CN) were synthesized 

with the same thermal treatment at 550 °C using precursors melamine, cyanuric acid, and 
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barbituric acid with different molar ratios, i.e., 1 (melamine) : x (barbituric acid) : 1-x (cyanuric 

acid), x = 5%, 15%, 20% , and 50%. To further investigate how increasing the carbon content in 

the chemical composition of g-C3N4 affects antibacterial activity, an additional sample (CN-600) 

was synthesized by changing the pyrolysis temperature. While C-doping increases C:N ratio in the 

g-C3N4 molecular structure by substituting nitrogen atoms by carbon atoms, elevating pyrolysis 

temperature generates nitrogen vacancies. For CN-600 preparation, the same approach as CN-550 

was applied, but the temperature in the tube furnace was modified to 600 C. 

2.2.2 Characterization of g-C3N4 

Powdered X-ray diffraction (XRD) data were collected with a Bruker D8 Discover 

instrument (Cu K radiation, 40 kV, 40 mA). Transmission electron microscopy (TEM) imaging 

was conducted on a JEOL JEM-2100F TEM operated at 200 kV. Surface chemical composition 

of all g-C3N4 samples were determined by X-ray photoelectron spectroscopy (XPS) using an 

ESCALAB 250Xi (Thermo Scientific) instrument with a monochromatic Al Kα X-ray source 

(1486.7 eV, spot size 650 µm). Methylene blue (MB) adsorption determined by loss in absorbance 

at 663 nm was used to determine the dispersed surface area of samples in solution. UV-Visible 

diffuse reflectance spectra were collected with a LAMBA-750 UV-Vis-NIR spectrophotometer 

(Perkin Elmer L750) equipped with a 60 mm integrating sphere using barium sulfate as the 

standard reference. Steady-state photoluminescence (ss-PL) spectra were obtained on a 

FluoroMax-3 spectrometer (Jobin Yvon Horiba) with excitation at a wavelength of 330 nm. Zeta 

potential was determined on a Litesizer 500 Particle Analyzer instrument (Anton Paar). Detailed 

methodological procedures of these characterization techniques are presented in the Appendix A. 
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2.2.3 Photocatalytic Activity 

Details of light sources, irradiance measurements, photon flux, and photon fluence 

calculations are included in the Appendix A and Figure A.1–A.3. 

2.2.3.1 Total Reactive Species Production 

The photo-induced RS generated by the photocatalysts under visible-light irradiation were 

measured using carboxy-H2DFFDA (ThermoFisher Scientific), which is a nonfluorescent 

molecule that is converted to a green-fluorescent form when the acetate groups are removed and 

it is oxidized by RS. Amongst the derivatives of reduced fluorescein used as indicators for total 

RS, the fluorinated analog carboxy-H2DFFDA was chosen in this study because it exhibits 

improved photostability compared to the chlorinated fluorescein derivatives (DCF, DCFDA).124  

Although designed for intracellular assays, fluorescein derivatives have been used to measure 

extracellular total RS generated by photocatalysts, including g-C3N4.
23,63,64,125 To confirm the 

validity of this assay for the extracellular measurements needed in this study, a positive control 

was performed using hydrogen peroxide (Figure A.4). To measure total RS production of the g-

C3N4 samples, a mixture of carboxy-H2DFFDA dye (60 mM) and g-C3N4 materials (19 mg L-1; 

bath sonicated for 1 h) dispersed in PBS (1 mM, pH 7.4) was added to a 96-well microplate with 

opaque black bottoms (Thermo Scientific 237105). The produced RS were quantified by 

measuring the dye fluorescence intensity with a Synergy HTX (Biotek) microplate reader before 

and after 5 minutes of visible-light irradiation. RS production was expressed as percent production: 

% 𝑅𝑆 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
(𝐼 − 𝐼0)

𝐼0
× 100                                                  (2.1)  
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where I0 and I are the dye fluorecence intensity (a.u.) before and after 5 minutes irradiation, 

respectively. The percent production was normalized by the photon fluence (photon cm-2, 

calculation details in SI) to account for differences in absorbance of each g-C3N4 sample based on 

the respective optical band gap: 

𝑅𝑆 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =  

(𝐼 − 𝐼0)
𝐼0

× 100

𝑃ℎ𝑜𝑡𝑜𝑛 𝑓𝑙𝑢𝑒𝑛𝑐𝑒
                                                (2.2) 

Thus, the final units presented for RS production are % cm2 photon-1.  

2.2.3.2 Bacterial Inactivation 

E. coli K12 MG1655 (CGSC #7740) obtained from Yale Coli Genetic Stock Center (New 

Haven, CT, USA) was used as a model gram-negative bacterium to evaluate antimicrobial activity 

of the g-C3N4 samples. Overnight cultures were reinoculated in lysogeny broth (LB), incubated at 

37 °C, and harvested at mid-exponential log phase. To remove residual growth-medium 

constituents from cell cultures, the mid-log phase cultures grown in LB were washed three times 

(centrifuged at 13,226 × g for 1 minute to pellet bacterial cells) and re-suspended in saline solution 

(0.9% NaCl). The g-C3N4 samples (400 mg L-1) dispersed in saline solution were bath sonicated 

for 1 h before being exposed to the bacteria. Because saline solution is isotonic in nature and 

maintains the osmotic pressure of the cells, it was used for the suspensions and dilutions containing 

bacteria to preserve their integrity and viability. 

For the photocatalytic disinfection experiments, light from a 300 W Xenon light source 

(Sciencetech SLB300B) equipped with a bandpass filter (Sciencetech HPF-BP-VIS-FT-3) was 

focused onto a beaker containing 10 mL of g-C3N4 (400 mg L-1) mixed with 100 µL of bacterial 

solution (final concentration of ~107 colony forming units (CFU) mL-1) for 2 h at room temperature 
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(~22 °C) under constant stirring at 200 rpm using a magnetic stirrer. Dark control experiments 

were conducted in the absence of light, and light control experiments were conducted using visible-

light irradiation without the photocatalyst, both under otherwise identical conditions. The 

suspensions were sampled at times of 0, 0.5, 1, 1.5 and 2 h, and the number of viable cells was 

determined by using the CFU counting method. Briefly, 100 µL of serial dilutions of the bacterial 

suspension were spread on LB agar plates and incubated for 17–20 h at 37 °C for CFU 

enumeration. E. coli concentration at each time point was expressed as log10(N/N0) vs. the photon 

fluence, where N is the bacterial concentration in CFU mL-1 at the sampling times, and N0 is the 

bacterial concentration in CFU mL-1 before exposure to visible light. E. coli was considered 

inactivated when the theoretical limit of quantification (LOQ, 200 CFU mL-1)126 was reached, and 

this value was assumed for bacterial observations below the LOQ for data analysis. All treatments 

were performed at least three times. Saline solution was used for serial dilutions. All materials and 

chemicals used for antimicrobial activity experiments were sterile. 

Methicillin-resistant Staphylococcus aureus USA300127 and vancomycin-resistant 

Enterococcus faecalis V583 (ATCC 700802)128 were used as clinically- and environmentally-

relevant antibiotic-resistant gram-positive bacteria. These photocatalytic bacterial disinfection 

experiments were performed with the following modifications. MRSA experiments were carried 

out by re-inoculating overnight cultures into LB and monitoring growth until the cultures reached 

an OD600nm of ~0.600–2.3. VRE experiments were carried out with cultures grown overnight to an 

OD600nm ~0.600. Cultures were centrifuged at 17,000 × g for 1 minute to pellet cells, the 

supernatants were removed, and the cell pellets resuspended in 1 mL of 0.9% NaCl to normalize 

to an OD600nm of 1.0. Photocatalytic activity was monitored every 10 minutes for a total of 30 

minutes (VRE) or 40 minutes (MRSA). The number of viable cells was determined by spotting 10 



22 

L spots of serial dilutions from each time point. Bacteria were considered inactivated when no 

colonies were observed. 

2.2.3.3 Methylene Blue (MB) Degradation 

The irradiation setup was the same as that used for E. coli inactivation. For the 

photocatalyzed MB degradation reaction, 7.5 mL of g-C3N4 (final concentration 400 mg L-1, 

dispersed in saline solution, bath sonicated for 1 h) was mixed in a beaker with 7.5 mL of MB 

solution (final concentration 20 mg L-1, dissolved in saline solution). Before light irradiation, the 

suspensions were stirred in the dark for 2 h to allow for MB adsorption equilibrium to be reached 

(2 h was determined by monitoring absorbance over time and receiving two consecutive readings 

with no change in absorbance), during which constant magnetic stirring was maintained at 200 

rpm. At each sampling time, an aliquot of the solution was added to centrifuge tubes and 

centrifuged twice for 5 minutes at 13,226 × g to remove the solid particles. The supernatant was 

used to monitor the changes in MB concentration by measuring its light absorbance at 663 nm 

using a UV-Vis spectrophotometer (Thermo Scientific Evolution 201). MB degradation was 

expressed as ln(C/C0) vs. the photon fluence of each photocatalyst, in which C is the concentration 

of the MB solution at the sampling time, and C0 is the MB concentration before light irradiation. 

The light control was conducted under visible-light irradiation without photocatalyst. 

2.2.3.4 Data Analysis 

GraphPad Prism version 8.3 (La Jolla, California, USA) was used to assess the difference 

in the photocatalytic activity between the g-C3N4 samples. One-way ANOVA with Tukey’s 

multiple comparison test was used to compare more than two treatments. The significance level 

used was 95% (i.e., P < 0.05 was considered statistically significant). Moreover, linear regression 
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models were obtained for bacterial inactivation and MB degradation (Table A.2–A.4). Bacterial 

inactivation and MB degradation first-order rate constants were obtained from the slope of the 

linear regression of ln(N/N0) and ln(C/C0) vs. time plots, respectively (Table A.2–A.4). The 

reaction rate constants were reported with respect to the photon flux, in units of cm2 photon-1 (i.e., 

the first-order rate constant, in s-1, divided by the photon flux associated with each photocatalyst, 

in photon s-1 cm-2) since the reaction rate depends on exposure time. 

Additional methodological details can be found in the Appendix A, including materials and 

chemicals, characterization of g-C3N4 (XRD, TEM, XPS, dispersed surface area determination, g-

C3N4 absorbance in solution, band gap and Urbach energy determination, zeta potential), and 

photocatalytic experimental and calculation details. 

2.3 Results and Discussion 

2.3.1 Characterization of g-C3N4 with Varying Chemical Composition 

 g-C3N4 is composed of two-dimensional (2D) sheets of tri-s-triazine interconnected by 

tertiary amines,57,58 and it presents two main nitrogen configurations, denoted N2C and 

N3C,113,129,130 which refer to nitrogen atoms bonded to two carbon atoms in the aromatic ring and 

to nitrogen atoms bonded with three carbon atoms, respectively, as depicted in Figure A.5. The 

structure of g-C3N4 was manipulated in this research by C-doping and thermal treatment, and these 

materials were comprehensively characterized to study their physicochemical properties and their 

relative performance for inactivating bacteria.  
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 The XRD patterns of 15% C-CN, CN-600 and CN-550 (Figure A.6) indicate that C-doping 

and thermal treatment do not influence the crystallinity. All three samples show one distinct broad 

peak around 26°, which is associated with (002) interplanar stacking of the conjugated aromatic 

system to generate a sheet-like structure.131,132 The commonly observed (100) diffraction peak at 

13°, corresponding to the in-plane ordering of tris-s-triazine units,113,133 is not evident in the data. 

This fact indicates that the prepared samples are disordered, presumably because of defects 

generated in the growth of g-C3N4 with the addition of cyanuric acid and barbituric acid.60 Further 

morphological characterization of CN-550 by TEM (Figure A.7) shows its sheet structure with 

visible pores embedded in the nanosheets, in agreement with literature reports.60,123 

 The chemical composition of g-C3N4 samples was studied by XPS and the findings are 

summarized in Table 2.1. Changes in C:N ratio confirm the successful manipulation of chemical 

composition through differing sample syntheses. There is a progressive increase in C:N ratio with 

an increasing extent of C-doping. Further, the 600 °C pyrolysis temperature alters the C:N ratio, 

confirming it is a successful alternative approach to manipulating g-C3N4 chemical composition. 

N1s spectral deconvolution (Figure A.8) reveals two dominant N-types, the divalent N atom (N2C 

of the C–N=C in the aromatic ring, ~398.7 eV) and the trivalent N atom (N3C, tertiary nitrogen N–

(C3) groups, ~400.4 eV).60,134,135 For C-doped samples, the XPS data indicate that carbon atoms 

were more likely to be incorporated into the g-C3N4 structure through replacement of N2C nitrogen 

rather than N3C nitrogen. Comparison of the CN-550 and CN-600 data (Table 2.1) reveals that the 

N2C:N3C and N2C:C (N2C intensity) atomic ratios decrease with increased pyrolysis temperature, as 

has been noted by others,55,116 suggesting that the increase in C:N ratio is caused by N vacancies 

generated at N2C sites.  
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Table 2.1. X-ray photoelectron spectroscopy (XPS) data for four carbon-doped g-C3N4 samples and two g-

C3N4 samples prepared under different pyrolysis temperatures (550 and 600 ℃).  Surface atom ratios 

determined from quantitative analyses are provided. 

Sample C:N 
% C–N=C  

(N2C) 

% N–(C3)  

(N3C) 
N2C:N3C N2C:C 

CN-550 0.69±0.03 70.56±0.07 24.49±0.12 2.88±0.02 1.73 

5% C-CN 0.75±0.01 70.54±0.29 24.63±0.24 2.86±0.04 1.65 

15% C-CN 0.83±0.01 70.41±0.13 24.59±0.16 2.86±0.02 1.56 

20% C-CN 1.02±0.02 69.82±0.21 25.85±0.03 2.70±0.01 1.38 

50% C-CN 1.15±0.03 67.84±0.30 27.11±0.13 2.50±0.02 1.27 

CN-600 0.73±0.00 68.90±0.14 27.08±0.14 2.54±0.02 1.64 

CN = carbon nitride, CN-### indicates the pyrolysis temperature with melamine and cyanuric acid as the precursors, 

#% indicates the molar percent of barbituric acid over melamine (modified from g-C3N4 synthesized at 550°C). 

 

2.3.2 Changes in Chemical Composition Alter g-C3N4 Photocatalytic Properties 

Surface area is an important metric for photocatalytic efficacy as it affects the number of 

available active sites for ROS generation and the likelihood that electron-hole pairs generated can 

migrate to the surface active sites.37,65 Given that the g-C3N4 interacts with bacteria in solution, we 

quantified the dispersed surface area using an MB adsorption assay. The results indicate that 

dispersed surface area differences are not a major factor affecting the photocatalytic activity 

variation of the g-C3N4 samples studied herein (Figure A.9). 

Optical absorption and band gap of the g-C3N4 samples were determined (Table 2.2). 

Kubelka-Munk absorption F(R) plots for all samples (Figure 2.1a) show absorption bands 

centered at wavelengths of ~260 and ~360 nm. Using the Tauc plot method,136,137 the indirect band 

gap of all samples was determined (Figure 2.1b, Table 2.2). The optical band gap of CN-550 was 
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determined to be 2.76 eV and is in accord with similarly prepared g-C3N4 materials reported 

elsewhere.60,122 Increasing the level of C-doping and the pyrolysis temperature decreased the 

optical band gap, as has been reported by others.52,53,59 The combined data indicate that an increase 

in C:N ratio decreases the band gap of g-C3N4. The band gap agrees well with the color profiles of 

the prepared samples, i.e., they change from light yellow to dark red with decreasing band gap 

(Figure A.10).  

Table 2.2. Optical band gap, maximum wavelength of absorption, and Urbach energy of the prepared g-C3N4 

samples. 

Sample 
Band gap  

(eV) 

Maximum wavelength of 

absorption (nm) 

Urbach energy 

(eV) 

CN-550 2.76 449 0.10 

5% C-CN 2.59 479 0.22 

15% C-CN 2.11 588 0.21 

20% C-CN 1.73 715 0.21 

50% C-CN 1.67 742 0.19 

CN-600 2.55 486 0.26 

 

 

Figure 2.1. (a) Optical absorbance spectra of the g-C3N4 samples (obtained from UV-Vis DRS reflectance and 

modified by Kubelka-Munk function) showing higher absorbance in the visible region upon increasing C:N in 

the chemical structure of the nanomaterial. (b) Optical band gap of the g-C3N4 samples obtained by Tauc 

plots.  The legend applies for both (a) and (b). 
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To further investigate the optical properties of the g-C3N4 materials, the Urbach energy (Eu) 

was determined (Table 2). Eu is associated with the Urbach absorption tail below the optical band 

gap of the samples and emerges from intermediate defect states (i.e., electronic states existing 

within the band gap that can accommodate photoexcited electrons from the valence band).138,139 

These intermediate defect states are formed by structural defects in the material (e.g., uncondensed 

NH/NH2, nitrogen vacancies).116 Higher band-tail absorption is observed for g-C3N4 with 

increased pyrolysis temperature, indicating the presence of more intermediate defect states that are 

mostly nitrogen-related, and levels of C-doping, as previously reported.60,116 Eu increases upon C-

doping, but it remains fairly consistent (slight decrease from 0.22 to 0.19 eV) with increased 

percent C-doping. This consistency may occur because C atoms substitute N2C atoms during C-

doping with no significant change in nitrogen defects. Increasing the number of intermediate defect 

states could improve the photocatalytic activity as long as these trap sites are located near the 

surface and remain active for ROS generation. Note that the photocatalytic activity depends on the 

type of defect formed (e.g., cyanamide defects may improve photocatalytic activity,46 whereas 

amino/imino group defects act as recombination centers and may inhibit photocatalytic activity140) 

and the abundance of defects (e.g., there might be an optimum level of nitrogen deficiency to 

obtain high photocatalytic performance).55 Moreover, the amount and type of catalytically relevant 

defects present in the g-C3N4 material vary with synthesis conditions.46,55 While we observe a 

change in Eu for our samples indicating the relative presence of intermediate defect states, further 

characterization (e.g., Positron annihilation spectroscopy (PAS),116 Raman spectroscopy, Fourier 

transform infrared spectroscopy (FTIR)46,133,140) is needed to determine the vacancy-type defects 

and catalytically relevant functional groups. 
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Charge separation efficiency is an important metric for photocatalytic activity because the 

separated charge carriers (e– and h+) are necessary for RS generation.46 The ss-PL spectra arises 

from radiative electron-hole pair recombination (i.e., photon emitting), with a lower peak intensity 

indicating higher nonradiative (i.e., charge carrier trapping and nonradiative recombination) decay 

rates. The ss-PL peak intensity decreases with increasing C-doping from 5% to 50% and increasing 

pyrolysis temperature from 550 to 600 °C (Figure 2.2). Assuming that 100% of the excitation 

photons (at a wavelength of 330 nm) are absorbed for each photocatalyst, these results indicate 

that the replacement of N2C with C and introduction of N2C defects in the g-C3N4 structure reduces 

the radiative recombination. The negligible photoluminescent intensity of 50% C-CN is assumed 

to result from the lack of light absorbance in solution (spectra are compiled in Figure A.11) rather 

than signaling low recombination. For the C-doped samples, the redshift in the peak is presumably 

due to the intermediate defect states formed from doping that allow a lower energy photon 

transition. As indicated by the Tauc plot analysis (Figure 2.1b), these photocatalysts have an 

indirect band gap. The majority of recombination in an indirect band gap photocatalyst (e.g., TiO2) 

occurs via a nonradiative pathway (i.e., phonon transitions that release heat).141 Further, because 

this is a steady-state analysis, it does not capture the lifetime of the charge carriers. This is a critical 

feature when considering the transfer of the charge carriers to the photocatalyst surface for 

subsequent interaction with reactants.108,116  
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Figure 2.2. Steady-state photoluminescence (ss-PL) emission spectra of g-C3N4 samples (19 mg L-1) in 

suspension at excitation wavelength of 330 nm. 

 

2.3.3 Changes in g-C3N4 Physicochemical Properties Affect Reactive Species (RS) 

Production 

In photocatalysis, the reduction of O2 at the e– sites and oxidation of H2O at h+ sites occur 

concurrently on the photocatalyst surface according to the stepwise reduction of O2 generating 

•O2
−, H2O2, and •OH, and the stepwise oxidation of H2O forming •OH, H2O2, •O2

−, and 1O2.
142  

We assess the total RS generated by the g-C3N4 samples under visible-light irradiation using 

carboxy-H2DFFDA as a probe molecule. Carboxy-H2DFFDA becomes fluorescent when oxidized 

thus, the measured total RS includes ROS and h+, which have demonstrated direct interaction with 

bacteria.143,144 Excited e– are not accounted for in this assay. The results (fluorescence intensity) 

are normalized by photon fluence (Figure 2.3; non-normalized plot in Figure A.12) to present a 

comparison of RS production efficiency respective to the sample light absorbance capacity. 
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Total RS production (% cm2 photon-1) decreases by 85% with C-doping (i.e., for 50% C-

CN) and 35% upon increasing the pyrolysis temperature. Thus, even though the samples with a 

smaller band gap absorb more photons than those with larger band gaps under visible-light 

irradiation (as observed in the absorbance measurements, Figure 2.1a), they produce fewer RS. 

The decrease in RS production with a decrease in band gap indicates a lower charge transfer 

efficiency to the aqueous reactant or charge carrier trapping in states without the redox potential 

needed to generate RS. In addition, the RS yield displays a positive correlation with the ss-PL 

emission spectra, in which higher ss-PL intensity indicates more electron-hole pair recombination, 

but CN-550 produces the most RS while having the highest ss-PL intensity. This phenomena has 

been observed in others’ studies where C-doped g-C3N4 had higher ss-PL intensity and greater 

photocatalytic performance towards contaminant degradation compared to the reference 

sample.60,140 The positive correlation with ss-PL intensity indicates that the lifetime of the 

photogenerated carriers is important for the RS generation. That is, reducing intrinsic nonradiative 

decay pathways in the g-C3N4 material results in a higher population of charge carriers at energies 

that can promote RS generation. Given the relative time scales of recombination (femto- to nano-

seconds)141 and ss-PL data collection (>100 ms), our results do not directly address whether e–/h+ 

trapping occurs before a RS-producing reaction occurs. For example, increasing C-doping may 

reduce the overall radiative recombination, but the introduction of intermediate defect states may 

also decrease the charge carrier lifetime. Though steady-state radiative recombination is not a 

comprehensive characterization for determining RS production for g-C3N4, it highlights the 

importance of considering nonradiative recombination as a key characteristic. 
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Figure 2.3. Reactive species (RS) production by the g-C3N4 samples after 5 minutes of visible-light irradiation 

normalized by the photon fluence associated with each sample.  Means suffixed with different letters (a–e) are 

significantly different from each other (P < 0.05). Error bars indicate standard deviation (n=3). 

 

The thermodynamic ability of photocatalysts to produce ROS depends on the position of 

the valence band (VB) and conduction band (CB) relative to the redox potentials of the surface 

reactions.60 For example, a given surface oxidation reaction will occur if the oxidation potential is 

more negative than the VB maxima. Similarly, it is only possible for reduction to be achieved if 

the surface reaction reduction potential is more positive than the CB minima.16 For the C-doped 

samples, a previous DFT study showed that VB and CB locations can change and depend on the 

substituted nitrogen site (i.e., N2C or N3C).60 Additionally, previous reports suggest that the VB 

position is not affected by the introduction of nitrogen defects into g-C3N4,
55,145 which indicates 

that the redshift in the CN-600 band gap arises from shallow trap states near the CB band edge 

(mobility edge). This suggests that both synthesis modifications could suppress •O2
− production 
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via the one-electron reduction of O2 when the CB is more negative than the redox potential of 

O2/•O2
−,60 decreasing the total RS production.  

2.3.4 Linking Photocatalytic RS Production to Bacterial Inactivation 

Bacterial inactivation by the g-C3N4 samples confirms that photocatalytic antimicrobial 

activity varies across samples with different chemical composition (Figure 2.4, and vs. time in 

Figure A.13). The insignificant inactivation observed in the dark and light controls demonstrate 

the biocompatibility of the photocatalysts in the dark and negligible inactivation from visible light 

alone over the experiment duration. The trends of E. coli K12 inactivation rate constants 

normalized and non-normalized by photon flux (Figure A.14) indicate the relative number of 

photons and time required to achieve bacterial log reduction, respectively. The non-normalized 

data (Figure A.14b, h-1) may distort the material’s efficacy because it assumes that all samples 

receive the same photon flux, misleading one to conclude that the antibacterial performance of 

some g-C3N4 samples are higher than they actually are (e.g., 5% C-CN performs better than 15% 

C-CN for the data normalized by photon flux, but not for the non-normalized). The inactivation 

rate constant normalized by photon flux (Figure A.14a, cm2 photon-1) demonstrates that CN-550 

has the best antibacterial photocatalytic activity followed by 5% C-CN (69% slower than CN-550) 

and 15% C-CN (84% slower than CN-550). 20% C-CN, 50% C-CN and CN-600 induce no 

bacterial inactivation (i.e., are not significantly different from the light control).  

RS production has been determined to be the main pathway for photocatalytic 

disinfection,19,146 therefore, the activity toward a target microorganism should correlate with the 

amount of RS produced (Figure A.15). For the C-doped samples, the trend for E. coli K12 

inactivation rate constant is in accordance with the trend observed in total RS production; 
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decreased RS production correlates with decreased inactivation.  CN-600 does not follow the same 

trend; this sample has lower log inactivation than expected from the RS production results. This 

outcome suggests that chemical composition, here the carbon-to-nitrogen ratio, alone is not 

responsible for the differing photocatalytic performance. While we are unable to fully resolve this 

discrepancy, possible explanations are the (i) type of defect present (N vacancy for CN-600 vs. C 

replacing N for C-doping) that results from different modification approaches, (ii) type of ROS 

produced by g-C3N4, and (iii) charge separation and transport phenomena. In addition to the total 

amount of RS, g-C3N4 samples can produce different ROS types60 (e.g., based on the energy bands 

location, pH of the system). Different ROS possess different potency towards bacterial inactivation 

(e.g., hydroxyl radical is believed to be the most potent147 yet is very short lived compared to other 

species, a tradeoff that should be considered with future work to uncover the type of RS produced). 

Quantifying the relative amount of specific type of RS produced by different g-C3N4 samples is a 

topic of our ongoing research and may explain the unexpectedly low CN-600 inactivation. Finally, 

assuming that the mechanism of inactivation is the same for each sample, the results provide 

evidence that the charge recombination rate increases with increasing C-doping and pyrolysis 

temperature, and that the time it takes to inactivate E. coli K12 is longer than the charge 

recombination rates of the 20% and 50% C-CN samples. Overall, radiative recombination may be 

decreasing with increased C-doping and pyrolysis temperature of g-C3N4, but this may be 

concomitant with increased rates of charge recombination, precluding charge transport to the 

surface.  
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Figure 2.4. Photocatalytic inactivation efficiency against E. coli K12 (~107 CFU mL-1, 10 mL) in the presence 

of different g-C3N4 samples (400 mg L-1) under visible-light irradiation (400 < λ < 700 nm) in terms of the 

photon fluence associated with each sample.  Error bars represent standard deviations (for CN-550 n=4, for 

others n=3). 

 

To determine if the low performance of CN-600 is unique to bacterial inactivation, we 

investigated the relative performance of the g-C3N4 samples in a chemical reaction pathway that 

is well-studied in photocatalysis – the photocatalytic oxidation of MB65 (vs. photon fluence in 

Figure A.16, vs. time in Figure A.17). The MB degradation photon fluence normalized for CN-

600 aligns more closely with what is expected based on total RS production in that appreciable 

oxidation of MB is observed. Yet, the relative magnitude of MB degradation for CN-600 compared 

to 5% C-CN remains lower than expected based on their relative RS production (CN-600 produces 

significantly greater total RS than 5% C-CN, Figure A.15). The discrepancy between bacterial 

inactivation and MB degradation could result from different interactions of MB and E. coli K12 

with CN-600 since photocatalytic activity can be improved by more efficient adsorption between 
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the bacteria (negative surface charge) or MB (cationic dye molecule) and photocatalyst. However, 

the surface charges of all our g-C3N4 samples are negative with similar magnitude (-25.15 to -

31.25 mV), as indicated by their zeta potential (Table A.5) tested under the experimental 

conditions (aqueous solutions, pH 5–6). Thus, we would not expect to see a difference in relative 

magnitude of bacterial inactivation and MB degradation for CN-600 performance in these two 

systems.148,149 Instead, the results indicate that structural defects introduced to the CN-600 sample 

by the thermal treatment process somehow inhibit antibacterial activity rather than promote it – 

further research is required to resolve this observation. These results suggest that the approach to 

modifying chemical composition (C-doping vs. pyrolysis temperature), rather than chemical 

composition alone (e.g., as C:N), influence the photocatalytic performance. Increasing carbon 

content directly correlates with decreasing the band gap, but the effect of chemical composition 

on RS production, bacterial inactivation, and MB degradation involves a more complex system of 

mechanisms, which could be related to the types and amount of defects in the g-C3N4 framework. 

Together, the results reveal that C-doping is an effective avenue to expand the visible light range 

of absorption while inducing variable levels of bacterial inactivation. 

While material properties that improve photocatalytic activity are known, predicting the 

structure and compositions that generate those properties represents a grand challenge, and often 

optimal performance can require a balance between properties. The differences observed in the 

samples’ properties, RS production, E. coli K12 inactivation, and MB degradation, underscore 

these challenges and highlight the complexity of g-C3N4 photocatalytic performance. This is most 

notably observed in our study by the superior E. coli inactivation and MB degradation performance 

of CN-550, which possesses the largest band gap (does not increase light harvesting), lowest Eu 

(does not provide a high density of intermediate defect states), and highest radiative charge 
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recombination. These findings for our set of samples are demonstrated in Table 2.3, which 

compares properties of the best and one of the lowest performing materials, CN-550 and 20% C-

CN, respectively. Even though 20% C-CN possesses properties that should theoretically promote 

higher photocatalytic activity, its performance includes 74% less RS production, 99% lower E. 

coli inactivation, and 84% lower MB degradation than CN-550.  

 

Table 2.3. Property and performance comparison of CN-550 (highest performing sample) and 20% C-CN 

(lower performing sample), within the context of the full sample set.  Highest/lowest indicate the sample with 

respect to all six g-C3N4 samples. Higher/lower indicate the comparison between CN-550 and 20% C-CN. 

Property 
Expected level for 

highest performance 
CN-550 20% C-CN 

Band gap Low Highest Lower 

Urbach energy High Lowest Higher 

Charge recombination (ss-PL) Low Highest Lower 

Dispersed surface areaa High No Sig. Differenceb Highest 

Absorbance in suspension High Lower Higher 

Performance    

RS production High Highest Lower 

E. coli inactivation High Highest Lower 

MB degradation High Highest Lower 

a 20% C-CN dispersed surface area is statistically greater than the other five samples. The greatest difference is 

between 20% and 50% C-CN, which is 0.026 g of MB/g of g-C3N4. 

b CN-550 does not have a significantly different dispersed surface area compared with the other four samples (5% C-

CN, 15% C-CN, 50% C-CN and CN-600).  

 

Collectively, the results reveal that (i) C-doping is an effective approach to modulating g-

C3N4 properties, (ii) the inherent material properties influence the photocatalytic performance, and 

(iii) features of the chemical mechanisms (e.g., redox driving force) must be considered in the 

design. 
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2.3.5 Expanding Antibacterial Performance Evaluation of g-C3N4 to Environmentally- and 

Clinically-Relevant Strains 

The best performing sample, CN-550, was tested on two additional bacterial strains: VRE 

and MRSA (Figure 2.5). The inactivation rate constant normalized by photon flux for E. coli K12, 

VRE, and MRSA are –3.43×10-11 ± 3.34×10-12, –3.24×10-12 ± 9.54×10-13, and –3.13×10-12 ± 

3.33×10-13 (cm2 photon-1), respectively (non-normalized in Table A.4). The inactivation rates of 

MRSA and VRE are not significantly different from each other; however, they are significantly 

smaller than that for E. coli K12. These data indicate that gram-positive bacteria – MRSA and 

VRE – are more resistant to g-C3N4 antimicrobial activity than the gram-negative E. coli K12. The 

high variability of the MRSA replicates may be associated with the emergence of small-colony-

variants, which are subpopulations resistant to oxidative stress.150 Similar to other disinfectants, 

these results demonstrate that susceptibility to inactivation is dependent upon the microorganism. 

Future work is necessary to draw firm conclusions about the improved g-C3N4 inactivation 

performance for gram-negative over gram-positive microorganisms and to demonstrate sufficient 

inactivation ranges of environmental- and clinically-relevant targets and water matrices. 
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Figure 2.5. Photocatalytic inactivation of E. coli, MRSA and VRE by CN-550 sample irradiated with visible 

light (400 < λ < 700 nm) vs. the photon fluence associated with each experiment. Reaction mixture contains 

bacterial solution and g-C3N4 dispersed in saline solution (400 mg L-1). Light control contains bacterial 

solution and saline solution without photocatalyst. Error bars indicate standard deviation (for E. coli n=4, for 

others n=3). 

 

2.4 Conclusion 

While g-C3N4 has emerged as a promising photocatalyst for inactivating microorganisms, 

there remains an opportunity to uncover how to tune physicochemical properties for enhancing 

performance in disinfection applications. This work used C-doping to extend g-C3N4 absorbance 

to longer wavelengths and evaluated its photooxidative properties and antibacterial efficacy. A 

systematically modified set of C-doped g-C3N4 samples was successfully synthesized by thermal 

polycondensation of melamine, cyanuric acid, and barbituric acid. Results herein demonstrate that, 

although C-doping of g-C3N4 samples does not promote higher E. coli inactivation compared to 

the base sample (CN-550), C-doping up to 15% still induces disinfection while extending the range 
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of visible-light absorption. This finding highlights C-doping as a possible synthesis route for 

leveraging lower energy, economically favorable light sources, although further investigation is 

necessary to confirm the efficiency of such systems (e.g., testing C-doped g-C3N4 antibacterial 

activity using low energy light sources). Additionally, our results indicate that g-C3N4 surface 

chemistry modulation by C-doping influences antibacterial performance differently from what has 

been reported for chemical degradation and hydrogen production (i.e., C-doping improved the 

photocatalytic activity of g-C3N4 for chemical degradation and hydrogen production but not for 

bacterial inactivation).60,72-74,82,118 This finding can inform future research focusing on chemical 

modification of g-C3N4 for disinfection applications. Moreover, the results establish the efficacy 

of CN-550 for inactivating model gram-negative E. coli and representative environmentally- and 

clinically-relevant gram-positive MRSA and VRE under visible light only, despite the tradeoff of 

having the largest optical band gap. Interestingly, photocatalytic performance measured as RS 

production, bacterial inactivation, and MB degradation does not trend as expected with anticipated 

properties previously identified to improve g-C3N4 photocatalytic activity. This suggests that the 

correlation between visible-light-driven photocatalysis, RS production, and bacterial inactivation 

by g-C3N4 is complex. Further research (e.g., additional chemical composition manipulation 

approaches and advanced characterization techniques) is needed to establish structure-property-

function relationships and resolve mechanisms of inactivation, further informing rational design 

of g-C3N4. This study is the first to evaluate C-doped g-C3N4 for antibacterial applications, and 

our findings inform future work aiming to optimize disinfection by g-C3N4. For example, analysis 

of low energy light sources (e.g., LED) and sunlight as well as optimizing photocatalyst 

concentration and reaction time. 



40 

3.0 Comparative Life Cycle Assessment of Graphitic Carbon Nitride Synthesis Routes 

This Chapter has been submitted to the Journal of Industrial Ecology: 

Aquino de Carvalho, N.; Gilbertson, L. M. Comparative. Submitted to the Journal of Industrial 

Ecology. 

 

Graphitic carbon nitride (g-C3N4) has gained great interest as a visible-light-activated 

photocatalyst. As an emerging nanomaterial for environmental applications, its competitive 

performance and environmentally responsible synthesis are critical to its success. A powerful tool 

for informing material development with reduced environmental impacts is life cycle assessment 

(LCA). In this study, LCA is used to evaluate the environmental impacts of g-C3N4 nanosheet 

produced via eight existing synthesis routes. The results reveal electricity as the main contributor 

to the cumulative impacts of all eight g-C3N4 syntheses. There are opportunities to reduce energy 

demand, and consequently the synthesis impacts, by revising synthesis procedures (i.e., removing 

or reducing time of use of an equipment), optimizing the calcination step (i.e., faster heating rate, 

lower heating time, lower temperature), and moving to cleaner electricity sources. Further, 

benchmarking the environmental impacts of g-C3N4 nanosheets to a well-established metal-based 

photocatalyst, titanium dioxide nanoparticles (nano-TiO2), reveals mixed comparative results. The 

synthesis method and the assumptions made to enable equivalent functional unit comparison both 

substantially influence the comparative impacts. Considering use-phase benefits of activating g-

C3N4 with visible wavelength light emitting diodes compared to ultraviolet (UV) wavelengths for 
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nano-TiO2 results in a 52% energy demand reduction (in kWh). Performance of g-C3N4 compared 

to a high-energy disinfection approach (i.e., conventional UV) reveals an inability to meet drinking 

water disinfection standards for viral load reduction (4-log reduction) with any mass of g-C3N4, 

given its high embodied resource footprint. This work establishes a foundation to inform and direct 

g-C3N4 nanosheets towards improved sustainable development. 

 

3.1 Introduction 

The global market for photocatalyst-based products is expected to reach US$ 5.07 billion 

by 2026, expanding at a compound annual growth rate of 10.5% since 2020, with most sales 

attributed to construction (89% share of the 2020 total market) and consumer products (7.7% of 

the 2020 total market) sectors.151 While the global photocatalyst industry is dominated by titanium 

dioxide (97.8% of the 2020 global revenues, US$ 2.81 billion),151 several alternatives are emerging 

in the search for higher photocatalytic efficiency, particularly under visible-light irradiation. 

Graphitic carbon nitride (g-C3N4) is one of these promising alternatives. g-C3N4 is a visible-light-

responsive photocatalyst that is demonstrated for a wide range of applications, including 

photocatalytic water splitting, carbon dioxide photoreduction, degradation of chemical pollutants, 

and viral and bacterial inactivation.44,48,152 

g-C3N4 has been proposed as a sustainable photocatalyst due to numerous attractive 

properties, including its synthesis from metal-free precursors, responsiveness to visible light, 

resistance to photo-corrosion and air oxidation, high chemical stability in most solvents, 

reusability, and low human toxicity.20,49,153 g-C3N4 can be synthesized with different 

morphologies. Bulk g-C3N4 is readily prepared with nitrogen-rich precursors such as melamine,74 
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urea,154 cyanamide,37 dicyandiamide,81 and thiourea155 by a one-step, thermal process. It is 

composed of micron-thick particles having multiple stacked layers,156 and its properties (poor 

visible-light absorptivity, low specific surface area, and fast charge recombination rate16,21) limit 

photocatalytic performance. With growing interest in g-C3N4, efforts have been made to tailor its 

physicochemical and optical properties to improve photocatalytic efficiency.21,157 Synthesis 

modifications of the bulk form enable attainment of nanosheets,158 quantum dots,159 hollow 

nanospheres,122 microtubes,160 and microrods.156 Two-dimensional nanosheets are the most 

commonly used form of g-C3N4 reported in the literature and are therefore, chosen as the focus of 

this study. The properties and photocatalytic performance of g-C3N4 can be altered by changing 

precursors (e.g., melamine, urea) and the synthesis approach (e.g., exfoliation, and non-metal 

doping). These process modifications result in production of nanosheets with different surface 

area, optical band gap, band energy locations, charge separation efficiency, abundance and type of 

catalytically-relevant structural defects.115,158,161  

While g-C3N4 is proposed as a sustainable photocatalyst,36,64,89,90 no study to date has 

quantitatively supported these claims. The goal of this seminal sustainability assessment of g-C3N4 

is to establish a foundation to inform and direct its sustainable development. Life cycle assessment 

(LCA) is used to evaluate the environmental impacts of existing, predominant g-C3N4 synthesis 

processes. LCA studies of engineered nanomaterials and nanomaterial-enabled consumer products 

highlight the significant, and sometimes dominant, contributions of nanomaterial synthesis to the 

cumulative impacts due to extraction of raw materials to generate precursors and synthesis energy 

demand.162-165  The high synthesis contributions emphasizes the value of integrating LCA early, 

concomitant with design and development of emerging materials, to direct decision-making that 

minimize impacts (e.g., precursor selection, solvent choice, synthesis approach). Results from such 
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analyses enable the identification of high impact components of the material production, synthesis 

route tradeoffs, material impact-performance tradeoffs, and opportunities to reduce the 

environmental footprint prior to scaling production.166-169 This proactive approach enables 

competitive and environmentally responsible development of novel synthesis routes for 

manufacturing new materials. 

Herein, we assess the life cycle impacts of synthesizing g-C3N4 nanosheets via eight 

distinct routes. The syntheses were chosen based on their prevalence in the literature, reported 

sustainability claims, and/or having the necessary information available to model the process. The 

contributions of our study include: (1) providing the life cycle inventory (LCI) data of eight g-

C3N4 nanosheets synthesis routes, (2) their mass-based environmental impact profiles, (3) 

identifying the major impact contributions to pinpoint opportunities for reducing the 

environmental footprint, (4) analyzing how the assessment will evolve with transitions to 

renewable electricity sources, (5) benchmarking the environmental impacts of g-C3N4 nanosheets 

syntheses to nano-TiO2 syntheses, including comparing their respective precursor impacts and the 

potential energy savings associated with using visible light versus ultraviolet (UV) light sources, 

and (6) establishing g-C3N4 performance targets for water disinfection by benchmarking to UV 

disinfection. The data and results generated in this study offer concrete design opportunities that 

inform the reduction of synthesis impacts and identify the potential of g-C3N4 nanosheets to 

replace or augment existing disinfection alternatives. 
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3.2 Methods 

3.2.1  Scope and System Boundary 

The life cycle environmental impacts of eight g-C3N4 nanosheet synthesis routes were 

assessed. A mass-based functional unit of one gram of g-C3N4 nanosheets was chosen due to the 

focus on synthesis as well as the wide range of applications of g-C3N4 (i.e., a performance-based 

functional unit would be limited to a specific use). The cradle-to-gate system boundary (Figure 1) 

considers environmental impacts associated with upstream resource extraction and energy for the 

syntheses of precursors and reagents, as well as impacts of energy generation and direct emissions 

for g-C3N4 nanosheet syntheses.  

Life cycle impact assessment was performed using SimaPro 9.1 (PRé Consultants). The 

United States Life Cycle Inventory (USLCI) and US-EI databases were chosen when available; 

otherwise Ecoinvent 3 was selected.170-172 The US-EI database is a combination of USLCI and 

Ecoinvent data, adjusted to be representative of United States operations. Environmental impacts 

were modeled using the United States Environmental Protection Agency's Tool for the Reduction 

and Assessment of Chemical and Other Environmental Impacts (TRACI) 2.1 assessment 

method.173 Environmental impact categories include ozone depletion (OD, in kg CFC-11 

equivalents, or eq), global warming potential (GWP, in kg CO2 eq), photochemical smog formation 

(PS, in kg O3 eq), acidification (AC, kg SO2 eq), eutrophication (EU, kg N eq), human health 

impacts from toxic carcinogenic (HHC) and noncarcinogenic (HHNC) substances (in comparative 

toxic units for human toxicity impacts, or CTUh), respiratory effects (RE, in kg PM2.5 eq), 

ecotoxicity (EC, in comparative toxic units for aquatic ecotoxicity impacts, or CTUe), and fossil 

fuel depletion (FF, in MJ surplus).  
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Figure 3.1. g-C3N4 nanosheet life cycle stages with the system boundary (cradle-to-gate) highlighted by the 

dashed lines. The eight synthesis routes are listed with their respective material inputs and energy-intensive 

processing steps identified. 

 

3.2.2 Synthesis Routes 

Eight synthesis routes were chosen to represent g-C3N4 nanosheets manufacturing 

processes: supramolecular, biological exfoliation, chemical exfoliation, thermal etching, B-doped 

melamine, B-doped urea, C-doped, and O-doped. Detailed information for each synthesis 

procedure and their respective LCIs are in the Supplemental Information (Appendix B, Sections 

B.1.1–B.1.9 and Tables B.1–B.9). The g-C3N4 syntheses LCI were established based on published 

laboratory- scale investigations because information at the industrial scale is currently unavailable. 

The following criteria were considered for the selection of papers to represent each synthesis: the 

final product is g-C3N4 nanosheets and the synthesis is widely used (supramolecular60,75,122,123,153), 

has been suggested to be sustainable (biological exfoliation,64 chemical exfoliation,89,90 thermal 
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etching36), or involves non-metal dopants (e.g., boron,174,175 carbon,72 oxygen176). Further 

refinement of the literature revolved around availability of details necessary to model the 

processes. Bulk g-C3N4 serves as the precursor for the chemical exfoliation, biological exfoliation, 

thermal etching, and C-doped syntheses, and this process was built in SimaPro by the authors 

(based on References36,64,72,89) because it is not available in the databases. 

Synthesis yields were not reported in the referenced papers. Therefore, the theoretical 

yields were calculated based on the reaction stoichiometry to allow for the comparison of 

environmental impacts across syntheses.  

3.2.3  Uncertainty Analysis  

Uncertainty analysis was performed using Monte Carlo simulation (1,000 runs, SimaPro 

9.1) to assess the uncertainty of the cumulative unit process LCI data associated with each 

synthesis route. For unit processes available in the selected databases (i.e., US-EI, USLCI, 

Ecoinvent), the default lognormal distributions were used. For unit processes created by the 

authors, the uncertainty factors are calculated for each input and output data considering a 

lognormal distribution and utilizing the Pedigree matrix approach (details in Tables B.1–B.9).  

3.3 Results and Discussion 

3.3.1  Environmental Impact Assessment of Eight g-C3N4 Synthesis Routes Reveals 

Electricity as the Main Contributor to the Cumulative Impacts 

Analysis of process contributions associated with producing 1 g of g-C3N4 nanosheets via 

the eight chosen syntheses reveals overwhelming contributions of electricity (Figure 2b–i) in all 
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ten mid-point impact categories (OD, GWP, PS, AC, EU, HHC, HHNC, RE, EC, and FF). The 

process contributions for the synthesis of bulk g-C3N4 are detailed separately because it serves as 

the precursor for four of the syntheses (Figure 2a). Since bulk g-C3N4 is the precursor for 

biological exfoliation, chemical exfoliation, thermal etching, and C-doped routes, the substantial 

precursor contributions to their total impacts (represented by the red contribution in Figure 2c–e, 

and h) are predominantly from electricity for producing bulk g-C3N4 (over 89% of the impact in 

all categories). 

 

Figure 3.2. Process contributions associated with ten TRACI impact categories to produce 1 g of bulk g-C3N4 

and 1 g of g-C3N4 nanosheets by eight synthesis routes. The abbreviated impact categories (x-axis) in (b) – (i) 

are equivalent to those in (a). Bulk g-C3N4 is the precursor for biological exfoliation, chemical exfoliation, 

thermal etching, and C-doped syntheses. The data are normalized to the highest value in each category to 

generate a relative impact. 

 

The electricity input is a 2018 country mix from SimaPro, which is the most recent data 

available, and reflects electricity generation in the United States considering diverse energy 

sources (i.e., hard coal, oil, natural gas, nuclear, hydropower, wood, wind power, photovoltaic, 

geothermal, petroleum coke). When analyzing GWP, the main processes in electricity generation 
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that contribute to the environmental impacts are derived from natural gas and hard coal burned at 

the power plant. Since fossil fuels remain the largest U.S. electricity generation sources (natural 

gas generating about 40% and coal 19% of the US electricity in 2020177), the source of electricity 

(e.g., a more renewable electricity grid) will influence the synthesis environmental footprint. 

3.3.2  Mass-Based Comparison of Eight g-C3N4 Nanosheet Syntheses 

Since the trends in environmental impacts across all impact categories are the same, GWP 

(in CO2 eq) is used as a representative category (Figure 3) to demonstrate the trend in impacts and 

identify the influencing synthesis parameters. Relative impacts for all categories can be found in 

Figure B.1 and the associated absolute values in Table B.10. Uncertainty analysis results 

(associated with input parameters of the unit processes) are presented in Figure B.2. 

 

Figure 3.3. Absolute impacts associated with global warming potential (in kg CO2 equivalents) of eight g-C3N4 

synthesis routes when producing 1 g of g-C3N4 nanosheets. 
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Comparing the eight syntheses (Figure 3) indicates that manufacturing g-C3N4 nanosheets 

by the supramolecular and C-doped routes produce the highest environmental impacts followed 

by biological exfoliation, B-doped melamine, O-doped, chemical exfoliation and B-doped urea, 

and thermal etching. Electricity required during synthesis is the dominant contributor to the trend 

in relative impacts across the eight syntheses. The primary differences in electricity requirements 

for synthesizing g-C3N4 nanosheets by the highest impact routes include long drying time (16 h) 

for supramolecular and the long stirring and drying times (12 h each) for C-doped, resulting in 

over 4 times more total electricity demand than thermal etching (16.9 and 15.7 kWh versus 3.8 

kWh, respectively).  

3.3.3  Towards More Sustainable Syntheses: Approaches to Reduce Electricity Demand 

Since electricity is identified as the major contributor to the g-C3N4 nanosheet syntheses 

impacts, opportunities to reduce electricity demand per gram of g-C3N4 nanosheets are pursued. 

Drying and stirring times are parameters during synthesis exploration that are chosen based on 

observation, past experience, and/or convenience (i.e., they are not comprehensively optimized). 

Identifying if drying and stirring steps are requisite and then optimizing (i.e., minimizing the total 

time) is a straightforward approach to reducing synthesis energy demand. For example, a 30% 

decrease in stirring and drying times (8.4 h vs. 12 h) for the C-doped synthesis reduces the total 

GWP impacts by 22% (10.8 vs. 8.42 kg CO2 eq, respectively). Additionally, increasing the furnace 

heating rate and decreasing calcination heating time and temperature (for bulk g-C3N4 and the 

nanosheets synthesis processing) will reduce the furnace electricity consumption. Ranges of 2.3 

°C/min to 15 °C/min,89,108,119,178 2 h to 4 h,74,122,159 and 520 to 600 ℃36,73,159 have been reported for 

heating rate, heating time, and calcination temperature for bulk g-C3N4, respectively. The 
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associated impacts for the combinations of conditions range from 1.25 to 2.77 kg CO2 eq, resulting 

in a difference of 1.52 kg CO2 eq or 2.8% of the average per capita daily GHG emission in the US 

(20 metric tons CO2 eq per person in the year 2019179,180). The variation in environmental impacts 

associated with electricity when modifying these calcination parameters are presented in Table 

B.11 for all impact categories. 

Given the intimate link between electricity and synthesis impacts, the U.S. electricity grid 

mix will also influence the combined resource footprint. As the electricity grid mix transitions to 

cleaner energy sources, the environmental impacts of synthesizing g-C3N4 nanosheets will 

decrease. Considering a large U.S. provider that offers a basic plan for a diverse electricity mix 

composed of biomass, geothermal, hydroelectric, solar, wind, natural gas, and nuclear, as an 

example,181there is a 77-78% reduction in GWP impacts for all syntheses when using this cleaner 

electricity mix compared to the current U.S. country mix (absolute values are presented in Table 

B.12, and % reduction for all impact categories in Table B.13). 

When it comes to making decisions about g-C3N4 synthesis parameters for the suggested 

electricity modifications, any potential performance tradeoffs that arise from the influence on the 

final material properties must be considered. Insofar as there is no difference in material 

performance (or even an increase in performance) the decision is easy, choose the path that results 

in a lower resource footprint (e.g., less time of equipment use, faster heating rate, lower heating 

time, and lower calcination temperature). When modification of synthesis parameters influences 

material properties in a way that compromise performance, considering a more comprehensive 

system boundary (one that includes use-phase performance of the material in an application) and 

tradeoff analysis (e.g., performance for intended use, environmental impact, and economics) is 

required to inform decisions towards impact minimization.  
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Finally, further resolution of g-C3N4 synthesis mechanisms is needed to inform a priori 

design intended to direct how g-C3N4 materials are constructed for a desired outcome and use. For 

example, further insight into how different precursors affect the location and extent of non-metal 

doping, the role of temperature in atomic arrangement and morphology (e.g., g-C3N4 shape, 

dimensions), and the role of the solvent in supporting the polymerization process will all inform 

synthesis parameters that we identify herein as critically influencing the overall g-C3N4 resource 

footprint. Without this information, we are left to rely on a trial-and-error approach rather than an 

intentional, bottom-up approach to g-C3N4 synthesis. Given the number of parameters for each 

synthesis, the LCA results of this work identify parameters that have the greatest potential to 

reduce the impacts (i.e., which the results are most sensitive to) and thus, can aid in prioritizing 

resolution of the synthesis mechanism components. 

3.3.4 Are g-C3N4 Nanosheets More Sustainable?: Benchmarking Synthesis Impacts to 

Nano-TiO2 

3.3.4.1 Mass-Based Environmental Impact Comparison of g-C3N4 Nanosheets and Nano-

TiO2 Syntheses 

Determining whether a new material is sustainable requires meeting established targets 

(e.g., by industry, governing bodies, or regulations) or benchmarking impacts to existing 

alternatives. To evaluate the sustainability of g-C3N4 nanosheet syntheses, the environmental 

footprints of the eight syntheses considered in this study are compared to two nano-TiO2 syntheses. 

Nano-TiO2 is chosen because it is a well-established and commercially available photocatalyst. 

Further, a low (i.e., sol-gel) and a high (i.e., radio frequency thermal plasma) impact synthesis 
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were chosen to represent a range in nano-TiO2 synthesis impacts based on an LCA by Wu et al.87 

Since the functional unit of the previous analysis87 is 1 kg of nano-TiO2 and the study herein is 

performed for a functional unit of 1 g of g-C3N4 nanosheets, the former unit processes were 

converted to reflect the production of 1 g of nano-TiO2 for comparison. For this conversion, we 

assumed the worst-case scenario for impact generation by maintaining the electricity input (i.e., 

same amount to produce 1 kg and 1 g of nano-TiO2) and any materials necessary for the equipment 

functioning (e.g., gases). Refinement of these parameters can be made in the future with additional 

information on the equipment capacity and time of use for synthesizing nano-TiO2. Additionally, 

precursors and reagents were linearly scaled for producing 1 g of nano-TiO2 (i.e., divided by 1000). 

As an alternative to scaling down the nano-TiO2 unit processes, we also scaled our unit 

processes to produce 1 kg of g-C3N4 nanosheets (details in Appendix B section B.2.1). Since the 

size of the furnace for producing 1 g of g-C3N4 nanosheets does not have the capacity for 1 kg, we 

consider a higher capacity muffle furnace while keeping all other equipment the same (i.e., the 

power consumption is only modified for the calcination step). Precursors, reagents, and emissions 

are scaled linearly to produce 1 kg of g-C3N4 nanosheets (i.e., multiplied by 1000).  

In the scale down scenario (i.e., nano-TiO2 from kg to g; data in Table B.14), all eight g-

C3N4 nanosheet syntheses generate higher GWP impacts (in kg CO2 eq) than the nano-TiO2 sol-

gel method, and substantially lower GWP impacts than the radio frequency thermal plasma method 

(Figure 4a for GWP impact category; relative impacts for all categories are in Figure B.3). In the 

scale up scenario (i.e., g-C3N4 from g to kg; data in Table B.15), the GWP impacts for the radio 

frequency thermal plasma synthesis of nano-TiO2 are lower than the C-doped g-C3N4. The sol-gel 

synthesis of nano-TiO2 presents similar or higher impacts compared to chemical exfoliation, B-

doped melamine, and B-doped urea syntheses of g-C3N4 (Figure 4b for GWP impact category; 
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relative impacts for all categories in Figure B.4). Additionally, the relative trend in g-C3N4 

nanosheet syntheses impacts shifts in the scale down versus scale up approach. In the scale down 

approach, supramolecular and C-doped g-C3N4 nanosheet syntheses result in the highest impacts, 

and thermal etching results in the lowest impacts. In the scale up approach, C-doped remains the 

highest impact g-C3N4 synthesis, and B-doped urea has the lowest impact profile. The shift in 

outcomes and associated conclusions that can be drawn by taking a scale up versus scale down 

approach highlights the challenges in comparing between different LCA studies having different 

mass-based functional units as well as the critical influence of scaling unit processes, particularly 

when limited information of the synthesis details are available at scale. Since these two approaches 

arrive at different conclusions, combined they enable a more comprehensive comparison between 

g-C3N4 nanosheet and nano-TiO2 syntheses. 

A broader implication of these two scaling approaches for enabling comparison of g-C3N4 

to nano-TiO2 is that determining whether g-C3N4 is a more sustainable alternative is not 

straightforward. It depends on how g-C3N4 and nano-TiO2 are synthesized and the underlying 

assumptions that enable equivalent functional unit comparison. Further, establishing standard 

benchmark material comparisons are essential to substantiating material sustainability claims. 
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Figure 3.4. Global warming potential impacts (in kg CO2 eq) for producing (a) 1 g and (b) 1 kg of g-C3N4 

nanosheets and nano-TiO2 by different synthesis routes. The impact values for nano-TiO2 syntheses were 

obtained from the life cycle inventory reported by Wu et al.,87  assuming the same electricity input and 

materials necessary for the equipment functioning when scaling down the functional unit from kg to g. The g-

C3N4 nanosheet syntheses were scaled up from g to kg assuming a higher capacity muffle furnace while all 

other equipment remained the same. Precursors, reagents, and emissions were scaled linearly (i.e., divided by 

1000 for scaling down or multiplied by 1000 for scaling up). RF thermal = radio frequency thermal plasma 

 

3.3.4.2 Comparing Environmental Impacts of Precursors 

A predominant positive characteristic of g-C3N4 compared with alternative photocatalysts 

is its synthesis from non-metal precursors. The underlying assumption is that metal mining and 

refining carries large environmental impacts. For this reason, we compare the environmental 

impact of producing 1 kg of commonly used g-C3N4 precursors (i.e., melamine, urea, and 

cyanamide) to the precursors of the two selected nano-TiO2 syntheses (i.e., titanium isopropoxide 

(TTIP) for sol-gel, and titanium tetrabutoxide (TTBO) for radio frequency thermal plasma) 
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(relative impacts, normalized to the highest value in each category, are presented in Figure 5, and 

absolute values are in Table B.16). Urea generates substantially lower impacts than the titanium 

precursors in all impact categories. Compared to the nano-TiO2 syntheses precursors, melamine 

generates <20% difference in impacts in the AC, HHNC, RE categories, and its impacts are >20% 

lower in the OD, GWP, PS, EU, HHC, EC, FF categories. Cyanamide consistently induces the 

greatest impacts of all precursors across the categories, which is attributed to the calcium 

cyanamide precursor and methanol used in its synthesis (details of process contributions are 

presented in Figure B.5). Urea, a precursor to calcium cyanamide, is the predominant contributor 

to its impacts. The high impacts of urea derive from the energy demand and emissions associated 

with its precursor, ammonia, produced by the Haber-Bosch process. Finally, the difference in 

cyanamide’s relative impact could, in part, be due to the fact that the authors established this 

process based on Reference 182 (LCI details in Table B.17), while the other precursors are 

established in the available databases.  
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Figure 3.5. Relative environmental impacts for producing 1 kg of melamine, urea, and cyanamide, precursors 

for g-C3N4, and 1 kg of titanium isopropoxide (TTIP), and titanium tetrabutoxide (TTBO), precursors for 

nano-TiO2 by sol-gel and radio frequency thermal plasma, respectively. Relative impacts are normalized to 

the highest value in each category. 

 

3.3.4.3 Use-Stage Considerations 

In addition to the environmental impacts from the production phase of the g-C3N4 

nanosheets, the material intrinsic characteristics (e.g., band gap determining the maximum 

wavelength of light absorption) offer opportunities for sustainability benefits in the use-stage. 

Since g-C3N4 can harvest visible-light, there is less energy demand for its activation compared to 

nano-TiO2, which requires higher energy, UV wavelengths. As such, determining the energy 

demand savings associated with using visible light versus UV light sources are relevant in 

evaluating the prospect of g-C3N4 as a sustainable photocatalyst alternative. Moreover, as g-C3N4 
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photocatalytic performance (e.g., antimicrobial efficacy) can be tuned by chemical composition 

modifications during synthesis, a performance tradeoff analysis is included herein to evaluate the 

feasibility of g-C3N4 to meet the established UV disinfection performance.  

3.3.4.3.1 Quantifying Energy Demand Savings Associated with Using Visible Light Versus 

UV Light Sources 

So far, we describe the environmental impact footprint of synthesizing g-C3N4 nanosheets 

and potential avenues towards impact reduction. A primary advantage of g-C3N4 is the ability to 

harness visible light for activation, rather than high energy UV light, which is realized during the 

material use. The visible light source can be from sunlight or artificial lighting. Given recent 

advances in energy-efficient technology light emitting diodes (LEDs),183,184 we compare the 

energy demand of g-C3N4 activated by various visible wavelengths to UV wavelengths necessary 

to activate nano-TiO2. Since the g-C3N4 maximum activation wavelength varies with its chemistry 

and morphology (i.e., how it is synthesized),153 there is a range of accessible visible wavelengths. 

Here, we analyze the energy demand of 415 and 470 nm visible LEDs compared with 385 and 365 

nm UV LEDs,185 (based on reported maximum absorption wavelengths153,186,187) and assume the 

photocatalysts are activated for the same amount of time (i.e., run the light source for one hour). 

Thus, this exercise simply compares the energy demand of LED light sources necessary for these 

different photocatalytic materials.  

Activating g-C3N4 with visible wavelength LEDs requires 29% lower average energy 

demand (in kWh) than the UV wavelengths for nano-TiO2 (4,790 compared to 6,715 kWh) (Figure 

6). There is potential to further reduce the energy demand to 52% if 470 nm wavelength is 

successful in activating g-C3N4 compared to 365 nm for nano-TiO2. Considering a light source 
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that includes all the visible range of the light spectrum (i.e., 400 – 700 nm) is also relevant since 

modifications to the g-C3N4 chemical composition result in optical band gap variations (i.e., 

change in the maximum wavelength of absorption for the photocatalytic process to occur) and 

because there are numerous light sources that contain the full visible spectrum. As such, a white 

LED (visible wavelength range 400 – 700 nm) is considered, and results in 36% lower energy 

demand compared to the average for UV LEDs (4,290 versus 6,715 kWh).    

 

Figure 3.6. Energy demand (in kWh) required to irradiate the photocatalysts with light emitting diodes 

(LED) with visible light and ultraviolet (UV) wavelengths. Note that the y-axis values are determined for one 

hour irradiation. 

 

These use-stage potential energy gains highlight the positive impact (i.e., impact reduction) 

that visible light activation offers over UV-activated photocatalysts. The actual influence of these 

energy gains on the total environmental impacts of g-C3N4 considering the expanded system 
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boundary – raw materials, synthesis, and use phases – will depend on the working setup for a given 

application (e.g., the infrastructure and irradiation time to achieve the same performance). 

3.3.4.3.1 Identifying Performance Break-Even Points: UV Light Disinfection Comparison 

Determining the mass of g-C3N4 nanosheets with equivalent embodied environmental 

impact to a conventional alternative (UV light) for achieving a desired level of water disinfection 

(that is, the break-even point) guides future efforts of synthesizing g-C3N4 as an attractive 

sustainable disinfection alternative. The environmental impact of using the US EPA regulated188 

UV dose of 186 mJ/cm2 to achieve 4-log virus inactivation in drinking water was calculated 

considering one UV lamp and 83 Wh of electricity per m3 of treated water (Table B.18).189 The 

break-even point (i.e., equivalent g-C3N4 nanosheets mass) is investigated for both the highest and 

lowest impact g-C3N4 nanosheet syntheses (supramolecular and thermal etching). The GWP 

electricity impacts of these syntheses alone surpass that of the UV disinfection scenario considered 

here, suggesting that any mass of g-C3N4 used for viral disinfection would result in greater impacts 

than that of UV disinfection. There are a few midpoint impact categories in which this is not the 

case (collectively: HHC, HHNC, RE, and EC) (see Tables B.18 and B.19) suggesting the potential 

for further tradeoff analysis could be advantageous depending on the specific context and priority 

categories.  

Given electricity is the major contributor to the environmental impacts of g-C3N4 synthesis, 

and the associated energy impacts have the potential to be reduced via further resolution of 

synthesis mechanisms and with increased scale (vide supra), we assessed an alternative approach 

to achieving a break-even point. We considered the necessary reduction in electricity input for 

synthesizing 1 g of g-C3N4 nanosheets to be equivalent to impacts of UV disinfection. For the 

GWP impact category, the break-even point is achieved with a 94% energy reduction for the 
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highest impact, supramolecular synthesis (i.e., a total electricity demand of 0.93 kWh). For the 

lowest impact route, thermal etching, removing all synthesis associated electricity will not offset 

the GWP impacts of UV disinfection (Note: the same is true for AC, EU, and FF categories) (see 

Tables B.18 and B.20). 

While both approaches to identifying break-even points return unfavorable results to 

support the use of g-C3N4 as a sustainable alternative for viral disinfection of drinking water, 

further investigation of its performance, under actual disinfection use conditions, will further 

illuminate its potential feasibility. Further, comparing to other performance metrics (e.g., bacterial 

disinfection, non-disinfection performance metrics) could illuminate very different outcomes, in 

favor of g-C3N4. In this way, further research is needed to uncover optimal system conditions, 

photocatalyst loading, and reuse cycles to fully realize the potential for g-C3N4 to result in a net 

benefit (i.e., net negative embodied environmental impacts of synthesis) compared with 

performance of identified alternatives.  

3.4 Supporting Sustainable Development of g-C3N4 

This cradle-to-gate LCA is the first to evaluate the environmental impacts of g-C3N4 

nanosheet synthesis. Eight established synthesis routes to produce g-C3N4 nanosheet are 

considered, and electricity is identified as the major contributor to the cumulative impacts. There 

are opportunities for reducing the environmental footprint of these synthesis routes by decreasing 

energy demand through synthesis modifications (i.e., removing or reducing high energy demand 

equipment use time), optimizing the calcination step (i.e., faster heating rate, lower heating time, 

lower temperature), and with shifts to lower-impact electricity sources. Determining the 

sustainability of g-C3N4 as a photocatalyst requires benchmarking with a competitive alternative. 
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Comparing the environmental impacts of g-C3N4 nanosheets to nano-TiO2 reveals mixed 

comparative results depending on the synthesis method and the assumptions underlying the 

equivalent functional unit comparison. Nevertheless, 52% energy demand reduction (in kWh) can 

be reached in the use-phase when activating g-C3N4 with visible wavelength LEDs instead of UV 

wavelengths for nano-TiO2. Finally, g-C3N4 performance for water disinfection was compared to 

conventional UV disinfection method. Results of this analysis reveal the inability of g-C3N4 

nanosheet to meet drinking water disinfection standards for viral load reduction (4-log reduction) 

with a lower impact footprint for any mass of g-C3N4. These results are the first to benchmark 

performance and further development of this tradeoff analysis (e.g., with additional use-phase 

information, different syntheses, within different contexts and priority impact categories) could 

return advantageous results.  

As research on g-C3N4 evolves and more information becomes available, improved 

resolution of synthesis inventory data and more comprehensive use-phase considerations can be 

incorporated into the sustainability assessment. An important consideration as research develops 

is the reporting of synthesis parameters and detailed conditions of use-phase performance 

assessment, which will enable comparison across studies and reduce assumptions required in 

establishing the inventory and conducting impact assessment. Measured performance across 

universal metrics will inform a functional unit that incorporates the target function (e.g., 

antimicrobial efficacy). Incorporation of performance considerations has been shown to shift the 

rank order preference among synthesis methods compared to a mass-based analysis.87,88 Synthesis 

parameter limitations identified in the present work include assuming theoretical synthesis yield 

values due to the lack of experimental yields reported in the g-C3N4 synthesis references. Given 

yield has been previously shown to drive environmental impacts,88 reporting this synthesis 
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parameter is critical. Other critical synthesis details include the step-by-step procedure, equipment 

used and their operation time, temperature and stirring/centrifugation speed when applicable, 

precursors and reagents use (mass, volume, and concentration), and flow or mass of gases used. 

Combined with the findings of this LCA, these future considerations enable movement towards 

more sustainable development of g-C3N4 nanosheets. 
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4.0 Major Findings and Research Recommendations 

4.1 Major Findings 

This research was motivated by the need for development of sustainable and effective 

antimicrobial agents. A literature review on g-C3N4 as an antimicrobial revealed knowledge gaps 

regarding: (i) the effect of modifying g-C3N4 chemical composition by C-doping on photocatalytic 

antibacterial efficacy, and (ii) the assessment of g-C3N4 sustainability. g-C3N4 is studied herein 

with the overall objective of guiding the development of an effective and sustainable antimicrobial 

agent based on rational design. 

The ability to control physicochemical properties of g-C3N4 through manipulating its 

chemical composition opens new avenues for the future of antimicrobial agents. Successfully 

accomplishing this goal requires connecting synthesis parameters to antimicrobial activity to 

inform rational design. A literature review on tailoring g-C3N4 chemical composition highlighted 

C-doping as an efficient metal-free approach to enhancing photocatalytic performance for 

applications in chemical degradation and hydrogen production (Table 1.1). My research, detailed 

in Chapter 2, is the first to investigate C-doping as an avenue to control g-C3N4 antibacterial 

activity. A sample set of systematically modified C-doped g-C3N4 was prepared with different 

carbon:nitrogen ratios to demonstrate how modifications in chemical composition change g-C3N4 

physicochemical properties, including band gap, intermediate defect states, dispersed surface area, 

absorbance in suspension, and charge separation efficiency. The effect of these changing 

properties on RS production and, consequently, the antibacterial activity (represented by E. coli 
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inactivation) was pursued to inform design guidelines. C-doping is shown as an effective approach 

to tuning g-C3N4 properties and results in a range of bacterial inactivation from zero to five log 

reduction. C-doping is effective at extending the range of visible-light absorption from 449 nm to 

588 nm while inducing various levels of bacterial inactivation, suggesting this approach has 

potential to leverage low-energy, economically favorable light sources (e.g., visible versus UV). 

Contrary to the previously reported effect of C-doping in chemical degradation and hydrogen 

production (where increased C:N ratio boosted photocatalytic performance),60,72-74,82,118 increased 

C-doping was found to decrease E. coli inactivation efficiency. Further, the results suggest that the 

approach to modifying chemical composition (C-doping versus changing the pyrolysis 

temperature) influences the photocatalytic performance via the type of defects introduced (e.g., N 

vacancies versus N replacement with C). Finally, the efficacy of g-C3N4 visible-light 

photocatalytic inactivation towards environmentally and clinically relevant antibiotic-resistant 

pathogens, methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant 

Enterococcus faecalis (VRE) is demonstrated. 

g-C3N4 has been reported as a sustainable photocatalyst, but this claim has yet to be 

concretely supported. Chapter 3 presents the first study to assess the sustainability of g-C3N4 

synthesis using life cycle assessment and benchmarking impacts to the well-established 

photocatalyst nano-TiO2. This study provides life cycle inventory data for synthesizing bulk g-

C3N4 and g-C3N4 nanosheets by eight different synthesis routes. Energy demand during synthesis 

is identified as the major process contributing to the impacts for all syntheses in ten mid-point 

impact categories representative of environmental and human health impacts. Opportunities to 

reduce the environmental footprint of the syntheses are determined and include decreasing energy 

demand by removing or reducing the use time of high energy demand equipment use, increasing 
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heating rate and decreasing heating time at the calcination step, and with shifts to lower-impact 

electricity sources. Impact comparison between g-C3N4 and nano-TiO2 syntheses reveals that the 

sustainability claim determination depends on the synthesis method considered for benchmarking 

and the assumptions associated with the equivalent functional unit comparison. Thus, claiming g-

C3N4 as a sustainable photocatalyst may be considered an empty statement without a defined 

standard for comparison. Considering the use-phase, g-C3N4 activated with visible wavelength 

LEDs requires approximately half (52% less) the energy demand compared with UV wavelengths 

for nano-TiO2. Yet, these benefits do not translate to the use phase when the equivalent mass of g-

C3N4 required for a disinfection endpoint is considered. The embodied energy of any mass of g-

C3N4 (i.e. > 0) is greater than the energy of UV light required to meet water disinfection standards 

for viral inactivation when considering six of the ten midpoint impact categories, including global 

warming potential. 

Taken together, the research presented in this dissertation offers important insights into 

developing g-C3N4 as an effective and sustainable nanomaterial for antibacterial applications.  

 

4.2 Research Recommendations 

The work presented in Chapter 2 of this dissertation probes the potential of using C-doping 

as a way to modulate the chemical structure of g-C3N4 and thus, the properties governing 

photocatalytic antibacterial activity. The research demonstrated in Chapter 3 guides the synthesis 

of g-C3N4 nanosheets towards sustainability. Future research directions anticipated to have a 
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positive impact on the design of g-C3N4 as a sustainable and highly effective antimicrobial agent 

are presented below. 

4.2.1 Optimizing the Photocatalytic Process Setup (Light Source, g-C3N4 Concentration 

and Reaction Time) for drinking water applications with reduced environmental 

impacts 

As presented in chapter 2, C-doping below 20% was shown to induce bacterial inactivation 

while extending the range of visible-light absorption. This finding highlights C-doping as a 

possible synthesis route for leveraging lower-energy, economically favorable light sources, such 

as visible LEDs. Since our experiments simulated a solar light source, including the visible range 

only, further investigation is necessary to confirm the efficiency of these alternative light sources. 

Additionally, optimizing the g-C3N4 concentration and reaction time to achieve desired 

antibacterial performance would inform the feasibility of application in real water treatment 

scenarios.  

4.2.2 Uncovering How Higher Total RS Produced by g-C3N4 Synthesized with Different 

Pyrolysis Temperatures Result in Lower Bacterial Inactivation 

It has been demonstrated in Chapter 2 that enhancing the carbon:nitrogen ratio by 

increasing pyrolysis temperature from 550 to 600℃ resulted in unexpected antibacterial activity 

when coupled with results of total RS produced (i.e., higher RS production did not translate to 

higher antibacterial activity). Further investigation is necessary to uncover the causes of this 

unexpected finding. Results of higher RS production with lower bacterial inactivation could be 

related to the type of RS produced, which has been shown to play different roles in bacterial 
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inactivation. Additional chemical composition manipulation approaches (e.g., larger sample set of 

g-C3N4 synthesized by varying pyrolysis temperatures) and further characterization techniques 

(e.g., to quantify the relative amount of specific types of RS produced by distinct g-C3N4 samples) 

are needed to determine the underlying cause of increased RS production independent from 

bacterial inactivation efficacy. 

4.2.3 Expanding g-C3N4 Efficacy Evaluation to Relevant Water Pathogens 

g-C3N4 photocatalytic activity was successfully demonstrated in Chapter 2 to be effective 

at inactivating clinically and environmentally relevant antibiotic-resistant pathogens, methicillin-

resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus faecalis (VRE), 

and the results highlight that susceptibility to inactivation depends on the microorganism. While 

g-C3N4-based photocatalysts have been found to inactivate a wide range of microorganisms (i.e., 

Escherichia coli, Staphylococcus aureus, Enterococcus faecalis, Salmonella, Pseudomonas 

aeruginosa, Bacillus subtilis, Bacillus anthracis endospores, ampicillin-resistant Escherichia coli, 

ampicillin-resistant Staphylococcus epidermidis, multidrug-resistant Bacillus subtilis, 

Staphylococcus aureus biofilms, Human adenovirus type 2, MS2 bacteriophage, Microcystis 

aeruginosa algae, and Candida albicans yeast),41,67,68,146 evaluating its antimicrobial efficacy to 

additional relevant water pathogens, such as Legionella pneumophila, Giardia, and 

Cryptosporidium,190 would further steer the potential use of g-C3N4 in water treatment 

applications. 
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4.2.4 Rational Design of g-C3N4 for Improved Viricidal Performance 

Photocatalysis has been identified to promote microbial inactivation by producing RS, 

which can react with and damage components of viruses and bacteria.191,192 Microorganisms 

respond differently to the photocatalytic process depending on their physiology, chemical 

composition, and metabolism,28,66,193,194 which widely vary across viruses and bacteria as well as 

types within each class. Viruses are anticipated to be more resistant to photocatalysis compared to 

bacteria,195,196 owing to bacteria’s fragile cell membranes and key metabolic systems (e.g., 

respiration), which can be easily compromised by failure in the defense mechanism against 

environmental stress. Further, viruses possess a more robust external structure (i.e., rigid capsid).28 

RS has been shown to inactivate bacteria by cell envelope rupture and cytoplasmic components 

leakage,26 and initiates virus decomposition due to viral shapes distortion and surface protein 

(mainly replicase and maturation proteins) damage.15 As g-C3N4-based photocatalysis has been 

proposed to be distinct between viruses and bacteria,28,41,197 it is hypothesized that mechanisms of 

g-C3N4 photocatalytic antimicrobial activity will not directly translate from bacterial to viral 

inactivation.  

Photocatalytic viral inactivation by visible-light-driven g-C3N4 was first studied in 2016,15 

and this application is still under-explored, with only three studies investigating g-C3N4-based 

photocatalysts for inactivating the bacteriophage MS2,15,28,198 one targeting human adenovirus 

type 2,199 and one having the bacteriophage f2 as the model virus.200 The ability to tune g-C3N4 for 

improved viricidal performance based on material synthesis modification by C-doping or 

modifying pyrolysis temperature has not been explored to date. It is anticipated that g-C3N4 with 

modified chemical composition will promote distinct viricidal activity by facilitating the 



69 

generation of different types and amounts of RS, and that the performance trends for a set of g-

C3N4 samples with different carbon:nitrogen ratios will be unique from those identified in Chapter 

2. It is important to identify the governing RS for viral inactivation using a systematically modified 

and comprehensively characterized g-C3N4 sample set and establish the correlation between RS 

role, viral disinfection, and material properties. 

4.2.5 Expand the g-C3N4 Sustainability Assessment by Incorporating a Performance-Based 

Functional Unit to the LCA 

In Chapter 3, the environmental impacts of predominant g-C3N4 synthesis routes are 

evaluated for the first time using the LCA approach. Given the focus of the presented work being 

on the synthesis of this developing nanomaterial that has a wide range of applications, a mass-

based functional unit was chosen to not limit the results and conclusions to a specific use, as in the 

case of selecting a performance-based functional unit.  

g-C3N4 photocatalytic activity depends on optical, electronic, and chemical properties of 

the material, which can be tuned by synthesis.16,46,47 Future LCA studies of g-C3N4 incorporating 

a performance-based functional unit (e.g., antimicrobial efficacy, chemical degradation, H2 

production) are relevant because the impacts of g-C3N4 synthesis may not be accurately estimated 

when considering g-C3N4 mass alone, since a baseline endpoint may require different masses of 

g-C3N4 synthesized by different methods. Moreover, incorporation of performance considerations 

have been shown to shift the rank order preference among synthesis methods compared to a mass-

based analysis.87,88 This recommended research further assesses and directs the sustainability of g-

C3N4. 
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Appendix A Supporting Information for Chapter 2 

A.1 Materials and Chemicals 

Melamine (99%, ACROS Organics AC125350050), sodium chloride (NaCl, 99.6%), Bacto 

agar, lysogeny broth Lennox (LB), sodium oxalate (99.7%), and tempol (Tocris Bioscience) were 

obtained from Fisher Scientific (Pittsburgh, PA, USA). Cyanuric acid (98%, 185809), barbituric 

acid (99%), and methylene blue (MB) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Carboxy-H2DFFDA, and phosphate buffered saline (PBS, pH 7.4) were acquired from 

ThermoFisher Scientific (Waltham, MA, USA). Ethanol (190 Proof) was obtained from Decon 

Labs (King of Prussia, PA, USA). Deionized (DI) water was produced by Millipore Synergy UV 

Water Purification System and used as solvent for all chemicals, unless otherwise specified.  

A.2 Characterization of g-C3N4 Samples 

A.2.1 X-Ray Diffraction (XRD). XRD patterns were collected on a Bruker D8 Discover 

instrument using Cu K radiation at a generator voltage of 40 kV and a generator current of 40 

mA. The scan speed was 0.40 second/step, the step size was 0.02°, and the angle range was 10-

60°. 

A.2.2 Transmission Electron Microscopy (TEM). Electron microscopy imaging was 

obtained using a JEOL JEM-2100F transmission electron microscope operated at 200 kV. The 

TEM specimen was prepared by applying 10-20 L suspensions of the g-C3N4 sample (100 g 

mL-1) in ethanol onto holey carbon films supported on Cu TEM grids. 
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A.2.3 X-ray Photoelectron Spectroscopy (XPS). Surface elemental composition of the g-

C3N4 samples were evaluated by XPS. A Thermo Scientific ESCALAB 250Xi instrument 

(monochromatic Al Kα X-ray source, 1486.7 eV, spot size 650 µm) was employed to analyze the 

samples that were prepared by placing approximately 2 mg of powder g-C3N4 onto the sample 

holder covered with double-sided copper tape. A pass energy of 150 eV with a step size of 1.0 eV 

was used to obtain the survey spectra, and a pass energy of 50 eV with a step size of 0.1 eV was 

used to collect high-resolution C1s and N1s spectra. For each sample, at least three measurements 

in different locations were carried out. The software Thermo Scientific Avantage was used to 

process the spectra in order to calculate the atomic percentage of elements, and to determine the 

distribution of N species by peak deconvolution. For component-fitting of the N1s region, each 

spectrum was subtracted with a modified Shirley background and the C1s peak at 284.8 eV was 

used for energy scale correction. Poly(3,5 pyridine) was used as the reference standard to obtain 

the peak fitting constraint for the binding energy of C–N=C (398.7 eV). The peak fitting constraint 

for the binding energy of N–(C3) used the value reported in the literature (~400.4 eV).60,134,135 -

* excitation (centered at ~404 eV) was assigned to the remaining tail region toward high binding 

energy. Peak positions were constrained to shift within ±0.3 eV from the assigned binding 

energies, and values of full width at half maximum (FWHM) for all three components were kept 

at the same level between components with ±0.2 eV deviation and at least as large as the value 

measured for Poly(3,5 pyridine).  

A.2.4 Surface Area in Suspension Measured by MB Adsorption. MB dye adsorption is a 

standard method for measuring surface area of graphitic materials in suspension.201,202 The method 

used herein was adopted from our previous study.203 The g-C3N4 samples were dispersed in saline 

solution by 1 h bath sonication and then mixed with a MB solution in a 1:1 volume ratio (final 
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concentrations of 50 mg L-1 and 25 mg L-1, respectively). Three replicates of each g-C3N4 material 

mixed with MB were continuously shaken for 24 h in a rotator at room temperature to achieve the 

adsorption equilibrium. At time 24 h, the free MB was isolated from the solution by two 

centrifugation cycles of 13,226 × g for 5 minutes, with transferring the supernatant to a clean tube 

in between cycles, and its concentration determined by measuring its light absorbance at 663 nm 

wavelength on a UV-Vis spectrophotometer (Thermo Scientific Evolution 201). Finally, the mass 

loss of MB (i.e., MB adsorbed to the material) was determined by: 

 𝑀𝐵 𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 = 𝑀𝐵24ℎ 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 −  𝑀𝐵24ℎ 𝐶𝑁                                        (A.1) 

Where 𝑀𝐵24ℎ 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 is the mass of MB (MB concentration times reaction volume) after 24 h 

without g-C3N4, and 𝑀𝐵24ℎ 𝐶𝑁 is the mass of MB after 24 h reaction with g-C3N4. This step rules 

out MB oxidation as a confounding factor for MB adsorption. 

Since no literature value was found relating area of g-C3N4 surface covered per mg of MB 

adsorbed, the dispersed surface area of the samples is indirectly represented by the mass of MB 

adsorbed divided by the mass of the g-C3N4 (g/g). The experiment was repeated twice in different 

occasions. 

A.2.5 Absorbance of g-C3N4 in Solution. UV-vis spectra of g-C3N4 suspensions (19 mg L-

1) were obtained on an Evolution 201 Thermo Scientific Spectrophotometer in the wavelength 

region of 290 to 700 nm. g-C3N4 suspensions were dispersed in PBS (1 mM, pH 7.4) using a bath 

sonicator (VWR Aquasonic 150T) for 1 h and a polymethyl methacrylate (PMMA) cuvette was 

used for all measurements (4.5 mL, Fisher Scientific, 285 to 750 nm). 

A.2.6 Band Gap and Urbach Energy Determination. UV-Vis diffuse reflectance 

measurements were performed using the LAMBA-750 UV-Vis-NIR spectrophotometer (Perkin 

Elmer L750) equipped with a 60 mm integrating sphere. Measurements were collected over the 
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wavelength range of 200 to 800 nm. The angle of incidence of the light beam on the sample was 

set to 0 degrees in order to exclude the specular reflectance contribution to the intended 

measurement of diffuse reflectance only. The reflectance data (R) obtained express the relative 

reflectance of the sample compared to a barium sulfate (BaSO4) standard. The spectra in percent 

reflectance were converted using the Kubelka-Munk function F(R). For the measurements, g-C3N4 

or BaSO4 powder was loaded to a powder holder (Perkin Elmer 52123164) until the quartz window 

was completely covered. Indirect optical band gap values were obtained from the Tauc plot 

approach, as well documented in the literature.39,136,137 Urbach energy was determined from the 

reciprocal of the slope of the linear fitting of ln(F(R)) vs. hv, where h is Planck’s constant 

(4.136×10-15 eV s), and v is the frequency of photons – speed of light (2.998×108 m s-1) divided by 

λ (nm), the photon’s wavelength.116  

A.2.7 Steady-state Photoluminescence (ss-PL). The ss- PL of g-C3N4 in solution were 

obtained by using FluoroMax-3 (Jobin Yvon Horiba). g-C3N4 powder was dispersed in PBS (1 

mM, pH 7.4) at a concentration of 19 mg L-1, and bath sonicated (VWR Aquasonic 150T) for 1 h. 

For ss-PL measurements, the emission spectra ranging from 345 to 640 nm wavelength was 

obtained at an excitation wavelength of 330 nm in a UV cuvette (4.5 mL, Fisher Scientific) under 

constant magnetic stirring. Since ss-PL depends on light absorbance of the photocatalysts, 

absorbance of g-C3N4 in solution was measured from the same aliquots used for ss-PL. 

A.2.8 Zeta Potential. Zeta potential of prepared g-C3N4 aqueous suspension (19 mg L-1, 

dispersed in saline solution by 1 h bath sonication) was determined using Omega cuvettes (Anton 

Paar) on a Litesizer 500 Particle Analyzer instrument (Anton Paar). The temperature was 

maintained at 25 °C. 
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A.3 Photocatalytic Experiments 

A.3.1 Light Sources and Irradiance Measurements 

Photocatalysis experiments (RS production, MB degradation, and E. coli inactivation) 

were carried out by irradiating the samples with a 300 W Xenon light source (Sciencetech 

SLB300B; spectral irradiance in Figure A.1) equipped with a bandpass filter (Sciencetech HPF-

BP-VIS-FT-3) that blocks the UV and near infrared (NIR) radiation while transmitting visible light 

(400 nm < λ < 700 nm) with 25 cm working distance. The spectral irradiance measurements were 

performed by Sciencetech using a BLACK-Comet-SR spectrometer (Steller Net). 

For the experiments with MRSA and VRE, the light source used was a 300 W Xenon arc 

lamp (Newport 6259) in an arc lamp housing (Newport 66921) with a full reflective beam turner 

(Newport 66245) and equipped with a bandpass filter (Omega Optical 775HSP; spectral irradiance 

in Figure A.2). The full-spectrum lamp irradiance was measured using a UV-Vis fiber optic 

spectrometer (Avantes AvaSpec-2048) adapted with a cosine corrector at the same working 

distance used in the photocatalytic experiments.  

A.3.2 Photon Flux and Photon Fluence Determination 

In order to compare efficacy across different systems (e.g., reactor designs, photocatalysts) 

and inform future economic feasibility assessment, the photocatalytic activity (RS production, MB 

degradation, and bacterial inactivation) of g-C3N4 materials was reported as a function of photon 

fluence (photon cm-2). This parameter means that when one cm2 of the photocatalyst surface is 

irradiated, it receives a certain number of photons. In our calculations, 100% of the absorbable 
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incident photons were assumed to generate an electron-hole pair. Additionally, only photons with 

energy equal or greater than the band gap were used for calculating photon fluence for each g-

C3N4 sample. Reporting photocatalytic activity in relation to photon fluence is critical when using 

polychromatic light sources and enables accounting for different intensities across the light source 

spectrum. The photon fluence of each sample was calculated based on a previous study204 and 

detailed below.  

i) Estimate band gap (𝐸𝑔, in eV) for each photocatalyst from the Tauc plot (Figure 2.1).  

ii) Calculate the maximum wavelength of absorption (𝜆Max, in nm) for each photocatalyst: 

𝜆Max (nm) =
ℎ𝑐

𝐸𝑔
=  

1239.8 (eV∙nm)

𝐸𝑔 (eV)
                                             (A.2) 

ℎ = Planck’s constant = 4.136×10-15 eV s-1. 

𝑐 = speed of light = 2.998×108 m s-1. 

Values of 𝐸𝑔 and 𝜆Max for all photocatalysts are displayed on Table 2.2. 

iii) Calculate the energy of a photon (𝐸𝑝, in J) for wavelengths ranging from 400 nm to 700 

nm: 

iv)  

𝐸𝑝 (J) =
ℎ𝑐 (J∙nm)

𝜆 (nm)
                                                                      (A.3) 

ℎ = Planck’s constant = 6.626×10-34 m2 kg s-1. 

v) Determine the energy flux distribution (𝐹𝑒 , in W m-2) by multiplying the average of 

the spectral irradiance (specific to a light source) measured at one step intervals of 

wavelength (e.g., 400.1, 400.2, etc. from 400 nm to 700 nm): 

𝐹𝑒 (W ∙ m−2) = (
𝑦1+𝑦2

2
) × (𝜆1 − 𝜆2)                               (A.4) 
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where 𝑦1 and 𝑦2 are the spectral irradiance (W m-2 nm-1) measured at wavelengths 𝜆1 and 𝜆2 (nm), 

respectively. 

vi) Calculate the absorption correction (𝐴𝑏𝑠𝐶) by normalizing the absorbance spectra F(R) 

obtained from UV-Vis DRS to the maximum absorbance value (𝐴𝑏𝑠𝑀𝑎𝑥) in the range 

of 400 to 700 nm: 

𝐴𝑏𝑠𝐶 = (
𝐴𝑏𝑠

𝐴𝑏𝑠𝑀𝑎𝑥
)                                                               (A.5) 

𝐴𝑏𝑠𝐶 = absorbance correction at a certain wavelength. 

𝐴𝑏𝑠 = absorbance (a.u) at a certain wavelength. 

𝐴𝑏𝑠𝑀𝑎𝑥 = maximum absorbance value (a.u.) in the wavelength range of 400 to 700 nm. 

vii) Considering that the photocatalysts have different absorbance profiles (see 𝐴𝑏𝑠𝐶 

spectra in Figure A.3), correct the energy flux distribution by multiplying 𝐹𝑒  (W m-2) 

by the absorption correction. 

𝐹𝑒𝐶  (W ∙ m−2) = 𝐹𝑒 × 𝐴𝑏𝑠𝐶                             (A.6) 

𝐹𝑒𝐶 = energy flux corrected by absorbance. 

viii) Determine photon flux distribution (𝐹𝑝, in photon s-1 m-2) by converting the energy into 

photons associated with each wavelength: 

𝐹𝑝 (photon ∙ s−1 ∙ m−2) =
𝐹𝑒𝐶 (W∙m−2)

𝐸𝑝 (J)
                                 (A.7) 

ix) Determine the total photon flux (𝐹𝑝𝑓, in photon s-1 m-2) available to the photocatalyst 

by adding the photon flux associated with each wavelength across the range of 

absorbable wavelengths: 

𝐹𝑝𝑓(photon ∙ s−1 ∙ m−2) = ∫ 𝑦𝑑𝜆
𝑀𝑊𝐴

400
                                  (A.8), 

where y= f(λ) is the photon flux at the specified wavelength (photon s-1 m-2). 
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x) Convert 𝐹𝑝𝑓 to photon s-1 cm-2. 

Summary of photon flux results:  

Sample 
𝐹𝑝𝑓  

(photon s-1 cm-2)  

CN-550 6.2313E+14 

5% C-CN 1.3399E+15 

15% C-CN 3.1244E+15 

20% C-CN 4.5692E+15 

50% C-CN 5.9917E+15 

CN-600 1.7158E+15 

 

Then, photon fluence (photon cm-2) can be determined by multiplying 𝐹𝑝𝑓 (photon s-1 cm-2) by the 

time of exposure of the sample (s).  

In this study, even though the maximum wavelength of absorption for 20% C-CN and 50% 

C-CN are higher than 700 nm, their maximum wavelength of absorption was set to 700 nm for the 

photon fluence calculations because of the bandpass filter used in the experiments. 
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Figure A.1. Spectral irradiance of 300 W Xenon lamp (Sciencetech SLB300B). Additionally, a bandpass filter 

was added to allow only visible light to pass (400 < λ < 700 nm). Data provided by Sciencetech Inc., and 

obtained using Black Comet Spectrometer (StellarNet). This light source was used for photocatalytic activity 

experiments of RS production, E. coli inactivation and MB degradation. 

 

 

Figure A.2. Spectral irradiance of the 300 W Xenon arc lamp (Newport 6259) equipped with a bandpass filter 

(400 < λ < 700 nm) used in the photocatalytic activity experiments of gram-positive bacteria MRSA and VRE. 
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Figure A.3. Absorbance of powder g-C3N4 samples measured with a UV-Vis-NIR spectrophotometer, and 

spectral irradiance of 300 W Xenon lamp (Sciencetech SLB300B). Each spectrum was normalized to its 

maximum absorption in the wavelength range of 400 to 700 nm. 

 

 

Figure A.4. Carboxy-H2DFFDA as an indicator for reactive species (RS) production. Fluorescence intensity 

progressively increases with increasing hydrogen peroxide (H2O2, diluted in PBS) concentration, suggesting 

that the intensity of the selected dye correlates well with RS production. Means suffixed with different letters 

(a–d) are significantly different from each other (P < 0.05). Error bars represent standard deviation (n=4). 
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Figure A.5. Schematic structure of g-C3N4 containing two nitrogen configurations. 

 

 

Figure A.6. XRD patterns of g-C3N4 samples 15% C-CN (C-doping method), CN-660 (different pyrolysis 

temperature method), and CN-550 (base). 
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Figure A.7. TEM image showing the morphology of sample CN-550. 
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Figure A.8. XPS high-resolution N 1s spectra of g-C3N4 samples. For each sample, three N 1s spectra were 

collected at different locations. Peak deconvolution was performed for each N 1s spectrum, and the average 

values for N2C and N3C components were compiled in Table 2.1. 
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Figure A.9. Dispersed surface area by methylene blue (MB) method in saline solution determined by the mass 

of MB adsorbed over mass of the g-C3N4 material. Means suffixed with different letters (a–b) are significantly 

different from each other (P < 0.05). Error bars indicate standard deviation (n=6). The dispersed surface area 

is not significantly different between the prepared samples, except for sample 20% C-CN, which shows a 

slight increase in available surface area compared to the others (0.064 vs ~0.048 g MB/g g-C3N4). 

 

 

 

 

 

 

Figure A.10. Prepared g-C3N4 samples. From left to right: CN-600, CN-550, 5% C-doped CN, 15% C-doped 

CN, 20% C-doped CN, 50% C-doped CN. 
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Figure A.11. Optical absorbance of g-C3N4 samples in suspension by UV-Vis spectroscopy. All g-C3N4 

materials were dispersed in PBS (1 mM, pH 7.4) at the same concentration (19 mg L-1). 

 

 

Figure A.12. Percent reactive species (RS) production by the g-C3N4 samples after 5 minutes of visible-light 

irradiation. Means suffixed with different letters (a–c) are significantly different from each other (P < 0.05). 

Error bars indicate standard deviation (n=3). 
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Figure A.13. Photocatalytic inactivation of E. coli by g-C3N4 materials irradiated with visible light (400 < λ < 

700 nm). Reaction mixture contains bacterial solution and g-C3N4 dispersed in saline solution (400 mg L-1). 

Light control contains bacterial solution and saline solution without photocatalyst. Error bars indicate 

standard deviation (for CN-550 n=4, for others n=3). 

 

 
Figure A.14. E. coli inactivation rate constants normalized (a) and non-normalized (b) by photon flux. Means 

suffixed with different letters (a–d) are significantly different from each other (P < 0.05). Error bars indicate 

standard deviation. 
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Figure A.15. RS production photon fluence normalized (a), rate constants photon flux normalized for E. coli 

inactivation (b) and MB degradation (c). Means suffixed with different letters (a–e) are significantly different 

from each other (P < 0.05). Error bars indicate standard deviation. 
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Figure A.16. Photocatalytic degradation of methylene blue (MB) by g-C3N4 materials irradiated with visible 

light (400 < λ < 700 nm) vs. the photon fluence associated with each sample. Reaction mixture contains MB in 

saline solution mixed with g-C3N4. Light control contains MB in saline solution without photocatalyst. Error 

bars indicate standard deviation (n=2). 

 

 
Figure A.17. Photocatalytic degradation (a), and degradation rate constants (b) of methylene blue (MB) by g-

C3N4 irradiated with visible light (400 < λ < 700 nm). Reaction mixture contains MB in saline solution mixed 

with g-C3N4. Light control contains MB in saline solution without photocatalyst. Means suffixed with 

different letters (a–e) are significantly different from each other (P < 0.05). Error bars indicate standard 

deviation (n=2). 
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Table A.1. Compiled results on property-antibacterial activity relationships from studies of g-C3N4 (pristine and C-doped) used for photocatalytic 

bacterial inactivation in solution under visible-light irradiation. 

g-C3N4 

material 

(No. unique 

samples) 

Synthesis and modification 

approach 

Target 

bacterium 
Properties Characterized 

Identified 

governing 

physicochemical 

properties for 

improved 

photocatalytic 

activity a 

Takeaways and 

limitations 
Ref 

Ultrathin g-

C3N4 

nanosheets 

(5) 

 

Bulk: thermal condensation 

of melamine at 550 °C (g-

C3N4) 

One control sample 

without the freezing step 

(MW-CN). 

 

Nanosheets: rapid 

microwave-assisted 

alternated cooling and 

heating treatment method. 

Two samples with different 

microwave power (ACHT-

CN-500, ACHT-CN-

1000). One control sample 

without the microwaving 

step (FF-CN). 

 

Escherichia 

coli (E. coli) 

K12 

- Morphology: Transmission electron 

microscopy (TEM), Atomic force 

microscopy (AFM) 

- Brunauer-Emmett-Teller (BET) 

Surface area and Pore volume: Nitrogen 

adsorption-desorption isotherms. 

- Crystal structure: X-ray diffraction 

(XRD) 

- Crystal structure and functional groups: 

Fourier transform infrared (FTIR) 

- Elemental composition: X-ray 

photoelectron spectroscopy (XPS) 

- Band gap: UV-Visible diffuse 

reflection spectroscopy (DRS)/Tauc plot 

- Electron transport ability: Steady-state 

photoluminescence (ss-PL), 

Electrochemical impedance 

spectroscopy (EIS), Transient 

photocurrent 

 

The synergistic 

effects of: 

- High 

crystallinity 

- Large surface 

area 

- Narrow 

bandgap 

- High electron 

transport ability 

The identified 

governing properties 

correlate well with E. 

coli inactivation and 

reactive species (RS) 

production. Transient 

photocurrent was only 

measured for bulk g-

C3N4 and ACHT-CN-

1000. 

63 

Atomic 

single layer 

g-C3N4 (3) 

Bulk: thermal condensation 

of melamine at 520 °C 

(bulk g-C3N4) 

Nanosheets: thermal 

etching of bulk g-C3N4 (g-

C3N4 NS) 

Single layers: ultrasonic 

exfoliation of g- C3N4 NS 

(SL g-C3N4) 

E. coli c 

- Morphology: field emission scanning 

electron microscope (FE-SEM), TEM, 

AFM 

- Crystal structure: XRD 

- Chemical structure: FTIR 

- Charge transfer resistance: EIS 

- Charge separation: Photocurrent 

- Ultrathin sheet 

thickness 

- Low charge-

transport 

resistance 

- Efficient charge 

separation 

Only two samples (bulk 

g-C3N4 and SL g-C3N4) 

were characterized for 

charge separation and 

transport. For those two 

samples, the governing 

properties correlate 

well with E. coli 

inactivation. 

36 
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Table A.1 (continued) 

 

Bacteria-

treated 

porous g-

C3N4 

nanosheets 

(4) 

 

Bulk: thermal condensation 

of melamine at 550 °C (g-

C3N4) 

 

Nanosheets: bio-

exfoliation with bacterial 

culture times of 4 h, 2 d 

and 5 d (BT-CN-4h, BT-

CN-2d, BT-CN-5d) 

 

One control sample 

without the addition of 

bacteria (UN-CN) 

 

 

 

E. coli K12 

 

- Morphology: TEM, AFM 

- Surface area: BET 

- Pore size distribution: Barrett− 

Joyner−Halenda (BJH) 

- Crystal structure: XRD 

- Chemical groups: FTIR 

- Surface chemical composition: XPS 

- Band gap: UV-Vis DRS/Tauc plot 

- Unpaired electrons: Electron 

paramagnetic resonance (EPR) 

- Charge separation and transport ability: 

EIS, Transient photocurrent 

 

 

- Large surface 

area 

- Narrow band 

gap 

- Enriched 

unpaired 

electrons 

- Higher electron 

transport ability 

 

All identified governing 

properties correlate well 

with E. coli inactivation 

and RS production, 

except for band gap. 

Band gap was the same 

for all nanosheets 

samples, and those were 

smaller than bulk g-

C3N4. EPR and transient 

photocurrent were only 

measured for g-C3N4 and 

BT-CN-2d.b 

 

64 

g-C3N4 

quantum 

dots (3) 

Bulk: thermal condensation 

of melamine at 600 °C 

(bulk g-CN) 

 

Mesoporous: bulk g-CN 

with H2SO4 (mpg-CN) 

 

Quantum dots: thermal 

polymerization using 

melamine and EDTA (g-

CN QDs) 

E. coli 

(ATCC 

25922) and 

Staphylococ

cus aureus 

(S. aureus, 

ATCC 

23235) 

 

- Crystal structure: XRD 

- Morphology: TEM, AFM 

- Surface structure: FTIR 

- Surface chemical composition: XPS 

- Surface area: BET 

- Pore size distribution: BJH 

- Pore volume: N2 adsorbed at p/p0 ~ 0.9 

- Band gap: UV-Vis DRS/Tauc plot 

- VB and CB positions: equation 

- Charge recombination: ss-PL 

- Zeta potential 

 

- Larger surface 

area, increasing 

active sites 

- Optical 

absorption in UV 

and visible 

region 

E. coli and S. aureus 

inactivation correlate 

well with surface area 

and ss-PL, but not with 

band gap.b 

 

g-CN QDs inactivate 

Gram-negative E. coli 

faster than gram-positive 

S. aureus. 

159 
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Table A.1 (continued) 

Porous g-

C3N4 

nanosheet 

(3) 

 

Bulk: thermal 

condensation of 

melamine at 550 °C 

(BCN) 

 

g-C3N4 with nanopores: 

hydrothermal treatment 

of BCN (PCN) 

 

Mesoporous 

nanosheets: thermal 

etching of PCN (PCNS) 

 

E. coli K12 

- Adsorptivity: Adsorption of 

Methylene blue (MB) in solution 

- Morphology: TEM, AFM 

- Surface area: BET 

- Pore volume 

- Crystal structure: XRD 

- Chemical structure: FTIR 

- Band gap: DRS 

- Chemical states and 

composition: XPS 

- Charge transfer and separation: 

ss-PL, Time-resolved (tr-PL), 

Photocurrent, EIS 

- Superoxide radicals 

quantification: Electron spin 

resonance (ESR) 

 

- High surface area, producing 

more surface reactive sites 

- Improved sorption for the 

probe pollutants can accelerate 

the rate of photocatalytic 

reaction 

- Expanded band gap 

- Increased amounts of 

superoxide radicals and holes 

dominating the photocatalytic 

reaction 

- Decreased thickness and well-

developed porosity 

- Improved efficiency of charge 

transfer and separation 

 

E. coli inactivation 

and MB degradation 

do not correlate well 

with band gap and ss-

PL, but they correlate 

well with surface 

area, adsorptivity, 

ESR, AFM, pore 

volume, tr-PL, 

photocurrent, and 

EIS.b 

Band gap was the 

same for PCN and 

BCN, and those were 

smaller than BCN. 

108 

Mesoporou

s g-C3N4 

(3) 

 

Bulk g-C3N4: thermal 

condensation of 

cyanamide at 550 °C 

(CN12) 

 

Mesoporous: the self-

condensation of 

cyanamide in the 

presence of different 

amount of a silica 

template (CN128, 

CN230) 

 

E. coli K12 

- Surface area: BET 

- Pore volume: BJH 

- Crystal structure: XRD 

- Chemical structure: FTIR 

- Band gap: DRS 

- The large surface area provides 

more active sites to generate 

holes for the reaction and hence 

results in high activity 

The identified 

governing property of 

surface area 

correlates well with 

E. coli inactivation. 

37 
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Table A.1 (continued) 

Porous 

defective g-

C3N4 

ultrathin 

nanosheets 

– nitrogen 

defects (5) 

Bulk g-C3N4: thermal 

condensation of urea at 

550 °C (CN) 

 

Porous nanosheets: 

thermal polymerization 

of freeze-dried HCl-

pretreated urea. 

Modified by changing 

the pH (CN-2, CN-4, 

CN-6 and CN-8) 

E. 

coli 

K12 

and S. 

aureu

s c 

 

- Crystal structure and phase purity: XRD 

- Structure variation: FTIR 

- Elemental composition: XPS 

- Nitrogen vacancies: magic angle spinning nuclear 

magnetic resonance (MAS NMR) 

- Unpaired electrons: EPR 

- Morphology and element analysis: Field emission 

scanning electron microscopy (FESEM), TEM, AFM 

- BET surface area and pore size distribution: N2 

adsorption-desorption 

- Surface protonation degree and hydrophilicity: Zeta 

potential and Contact angle 

- Band gap: UV-Vis DRS/Tauc plot 

- VB and CB positions: VB-XPS and Mott-Schottky plots 

- Charge separation and transport: ss-PL, tr-PL, 

Photocurrent, EIS 

The synergistic 

effects of: 

- Enhanced 

light absorption 

ability 

- More active 

sites exposed 

- Accelerated 

mass diffusion 

and transfer 

- Increased 

separation and 

inhibited 

recombination 

efficiency of 

electrons and 

holes 

E. coli and S. 

aureus 

inactivation 

correlate well 

with ss-PL, tr-

PL, and EIS. The 

trends for band 

gap, surface area, 

pore volume, and 

photocurrent are 

not directly 

correlated to 

bacterial 

inactivation.b 

154 

Porous g-

C3N4 

nanosheets 

(6) 

 

Bulk g-C3N4: thermal 

polymerization of urea at 

550 °C (BCN) 

 

Nanosheets: one-step 

chemical exfoliation. 

Modified by changing 

exfoliation time 

(PCNS2, PCNS3, 

PCNS4, PCNS5, 

PCNS6) 

 

E. 

coli 

K12 

- Crystal structure: XRD, FTIR 

- Morphology: TEM, AFM 

- Composition and chemical states: XPS 

- Surface area: BET 

- band gap: UV-Vis DRS 

- Band positions: VBXPS 

- Charge transfer and separation: ss-PL, Photocurrent, EIS 

- Efficient 

charge 

separation 

E. coli 

inactivation 

correlates with 

ss-PL and EIS, 

except for 

sample PCNS4. 

It does not 

correlate well 

with transient 

photocurrent.b 

205 

a Performance includes bacterial inactivation, MB degradation and/or RS production. 

b Lack of correlation between the identified governing properties and the antibacterial activity indicates that these properties are important, but not conclusive 

factors in improving photocatalytic bactericidal performance. 

c Strain not indicated in study. 
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Table A.2. Linear regression models and first-order rate constants for E. coli inactivation by g-C3N4 samples. 

Sample 
Linear regression 

model A 

First order decay rate constant 

k (h-1) (avg ± SD) 

Light control Y = -0.397*X + 0.152 -0.397 ± 0.098 

CN-550 Y = -5.936*X + 1.478 -5.936 ± 0.578 

5% C-doped CN Y = -3.949 *X + 1.536 -3.949 ± 0.657 

15% C-doped CN Y = -4.724*X + 1.265 -4.724 ± 0.470 

20% C-doped CN Y = -0.568*X + 0.313 -0.568 ± 0.247 

50% C-doped CN Y = -0.008*X - 0.026 -0.008 ± 0.041 

CN-600 Y = -0.298*X + 0.476 -0.298 ± 0.275 

A Y = ln (N/N0); X = time in hours. Standard deviation (SD) includes 4 replicates for CN-550 and 3 replicates for other 

samples. 

 

Table A.3. Linear regression models and first-order rate constants for E. coli, MRSA and VRE inactivation 

by CN-550. 

Sample 
Linear regression 

modelA  

First order decay rate constant 

k (h-1) (avg ± SD) 

E. coli Y = -5.936*X + 1.478 -5.936 ± 0.578 

MRSA Y = -12.290*X + 1.041 -12.290 ± 3.623 

VRE Y = -11.890*X + 0.350 -11.890 ± 1.264 

A Y = ln (N/N0); X = time in hours. Standard deviation (SD) includes 4 replicates for E. coli and 3 replicates for MRSA 

and VRE. 

 
Table A.4. Linear regression models and first-order rate constants for MB degradation by g-C3N4 samples. 

Sample 
Linear regression 

modelA  

First order decay rate constant 

k (h-1) (avg ± SD) 

Light control Y = -0.077*X + 0.003 -0.077 ± 0.005 

CN-550 Y = -0.304*X + 0.013 -0.304 ± 0.015 

5% C-doped CN Y = -0.370*X + 0.010 -0.370 ± 0.021 

15% C-doped CN Y = -0.267*X + 0.004 -0.267 ± 0.008 

20% C-doped CN Y = -0.352*X + 0.003 -0.352 ± 0.004 

50% C-doped CN Y = -0.155*X + 0.012 -0.155 ± 0.021 

CN-600 Y = -0.267*X + 0.002 -0.267 ± 0.022 

A Y = ln (C/C0); X = time in hours. Standard deviation (SD) includes 2 replicates. 
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Table A.5. Zeta potential of the g-C3N4 samples in saline solution (pH 5–6). 

Sample Zeta potential (mV) 

CN-550 -31.25 

5% C-doped -27.90 

15% C-doped -27.85 

20% C-doped -28.90 

50% C-doped -29.45 

CN-600 -25.15 
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Appendix B Supporting Information for Chapter 3 

B.1 Synthesis Methods and Life Cycle Inventory Details 

B.1.1 Synthesis of Bulk g-C3N4 

B.1.1.1 Synthesis Procedure: Bulk g-C3N4 is used as the precursor to four g-C3N4 nanosheets 

syntheses considered in this study. The synthesis details of bulk g-C3N4 varies within these four 

studies as presented below: 

• In bioexfoliation64: melamine was encapsulated in a covered ceramic crucible at 550 °C for 

4 h using a muffle furnace; the heating speed is 5 °C min−1  

• In chemical exfoliation89: melamine was heated at 600 ℃ for 2 h under air condition with a 

ramp rate of about 3 ℃ min−1 for both of the heating and cooling processes  

• In thermal etching36: 5 g of melamine was calcined at 520 ℃ for 4 h with the heating rate 

of 5 ℃ min−1 

• In C-doped72: 10 g of melamine was put into an alumina crucible with a cover, and then 

heated at 550 °C at the rate of 5 ℃ min−1 in a tube furnace for 4 h in air 

The synthesis details that could affect the environmental impacts of producing bulk g-C3N4 

include the mass of melamine (5 or 10 g), the heating temperature (520, 550 or 600 ℃), the heating 

rate (3 or 5 °C min−1), the heating time (2 or 4 h), and the type of furnace used (muffle furnace or 

tube furnace).  
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Further, complete information needed to build the LCI for the synthesis of bulk g-C3N4 is 

not universally available. Therefore, we used a combination of details from the four references to 

establish a conservative (i.e., lowest energy) synthesis configuration: 10 g of melamine heated at 

520 ℃ at the heating rate of 5 ℃ min−1 in a tube furnace for 2 h in air. 

B.1.1.2 Synthesis Yield: The synthesis yield was not reported in the referenced papers. Thus, 

100% yield was assumed with melamine as the limiting reagent. 

B.1.1.3 LCI Details: 

LCI Inputs 

i. 10 g of melamine 

ii. Electricity (calcination): Calculated for a heating temperature of 520 °C for 2 h using a 

tube furnace, when the heating rate is 5 °C min−1. The total electricity used for 

calcination is 2.92 kWh (details below) 

• Assuming the Thermo Scientific Lindberg/Blue M TF55035A-1 tube furnace with 

power consumption of 800 W 

Electricity input calculations: 

Total time of tube furnace turned on for heating: 

Start temperature = 25 °C (room temperature)  

Annealing temperature = 520 °C  

Time to reach annealing temperature = (520 °C – 25 °C) / (5 °C/min) = 99 min 

Total time of furnace turned on = 99 min + 2 h = 3.65 h 

Electricity consumed = Device power consumption (W) × time of use (h) 

Total = 800 W × 3.65 h = 2.92 kWh 
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LCI Emissions to Air 

i. 0.37 g of Ammonia
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Table B.1. Life cycle inventory to produce bulk g-C3N4 from melamine, including the Pedigree matrix for unit the processes (all distributions assumed 

to be lognormal). 

 Section Material Amount Unit 
LCI 

Database 

Pedigree 

matrix 

SD2 

Comments 

7.3 g of 

bulk g-

C3N4 

Input Melamine 10 g 

Melamine, at 

plant/US- US-EI U 

US-EI 

1,4,2,1,1,na 

1.12 

The mass of melamine was calculated 

considering 100% synthesis yield when 

producing g-C3N4 based on 206,207 

C3H6N6 → g-C3N4 + 2 NH3 

Yield 100% 

Based on 
206 

 Electricity 2.92 kWh 

Electricity mix 

2018/US U  

US-EI 

4,4,1,1,1,na 

1.24 
Used for calcination 

 
Emission 

to air 
Ammonia 2.16 g  

2,4,5,1,1,na 

1.53 

Approximately 1.6 NH3 liberated by 

melamine pyrolysis at 520 °C for 2 h 

(mole/mole melamine). Based on 206 
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B.1.2 Supramolecular Synthesis of g-C3N4 Nanosheets  

B.1.2.1 Synthesis Procedure: The supramolecular-based g-C3N4 nanosheets synthesis is based on 

our previous work.153 Melamine (1 g) and cyanuric acid (1.02 g, in a molar ratio 1:1) were 

dispersed into 40 mL of ethanol and the mixture was stirred at room temperature for 3 h. After 

stirring, the suspension was bath sonicated at room temperature for 1 h and then dried at 70 °C on 

a hot plate in air until only a solid material remained (16 hours). The solid was ground using an 

agate mortar and pestle to form a fine powder. Finally, the powder was transferred to a quartz 

crucible with cover, heated at a rate of 2.3 °C min-1, under gas helium flow, maintained at 550 °C 

for 4 h, and cooled down naturally.  

B.1.2.2 Synthesis Yield: 100% yield was assumed to enable comparison with other methods. 

Melamine was considered the limiting reagent.  

B.1.2.3 LCI Details: 

LCI Inputs 

i. 1 g melamine 

ii. 1.02 g of cyanuric acid 

• The synthesis of cyanuric acid was created based on the procedures reported by She 

et al.208 In detail, 20 g of urea was added to 40 mL of kerosene as solvent. The 

mixture was stirred at 150 °C, placed under vacuum, and then heated at 190 °C until 

the reaction was complete. The reaction mixture was cooled to 80 °C, put into 15 

mL of water, and stirred for 1 hour to precipitate the product. The obtained dry solid 

was heated to 150 °C for 2 hours to remove the crystallization water and afford pure 

cyanuric acid. The synthesis yield is 89%. 
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Electricity calculations using the Thermo Scientific™ SP88854100 

stirring hot plate with power consumption of 540 W: 

i. Stirring: Assumed 3 h. 540 W × 3 h = 1.62 kWh 

ii. Heating: Assumed 4 h. 540 W ×  4 h = 2.16 kWh 

iii. Stirring: 1 h. 540 W × 1 h = 0.54 kWh 

iv. Drying: 2 h. 540 W × 2 h = 1.08 kWh 

Total = (1.62 + 2.16 + 0.54 + 1.08) = 5.4 kWh 

iii. 40 mL of ethanol, which is equal 31.56 g of ethanol (density of 0.789 g/mL) 

iv. Helium gas: assuming flow of 100 mL/min, and temperature of 21 ℃ 

• 100 mL/min × 7.8 h = 46.8 L of He. Mass = 46.8 L × 0.16 kg/m3 × 1 m3/1000 L 

= 0.00749 kg = 7.49 g 

v. Electricity (stirring): 3 h duration 

• Considering the Thermo Scientific™ SP88854100 stirring hot plate with power 

consumption of 540 W 

Electricity (sonication): 1 h duration 

• Using the Aquasonic 150 HT bath sonicator with power consumption of 400 W 

Electricity (drying): 16 h duration 

• Assuming the Thermo Scientific™ SP88854100 stirring hot plate with power 

consumption of 540 W 
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Electricity (calcination): Calculated for a heating temperature of 550 °C for 4 h using a 

tube furnace, when the heating speed is 2.3 °C min−1 

• Assuming the Thermo Scientific Lindberg/Blue M TF55035A-1 tube furnace with 

power consumption of 800 W 

Electricity input calculations: 

Total time of tube furnace turned on for heating: 

Start temperature = 25 °C (room temperature)  

Annealing temperature = 550 °C  

Heating rate = 2.3 °C/min 

Time to reach annealing temperature = (550 °C – 25 °C) / (2.3 °C/min) = 228 min = 3.8 h 

Total time of furnace turned on = 3.8 h + 4 h = 7.8 h 

Electricity consumed = Device power consumption (W) × time of use (h)  

• Stirring = 540 W × 3 h = 1.62 kWh 

• Bath sonication = 400 W × 1 h = 0.4 kWh 

• Drying (hot plate) = 540 W × 16 h = 8.64 kWh 

• Calcination (tube furnace) = 800 W × 7.8 h = 6.24 kWh 

Total = (1.62 + 0.4 + 8.64 + 6.24) kWh = 16.9 kWh 

 

LCI Emissions to Air 

i. 0.27 g of Ammonia 

ii. 1.02 g of Cyanic acid 
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iii. 31.56 g Ethanol 

iv. 7.49 g of Helium 
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Table B.2. Life Cycle Inventory to produce g-C3N4 nanosheets by supramolecular route, including the Pedigree matrix for the unit processes (all 

distributions assumed to be lognormal). 

 Section Material Amount Unit 
LCI 

Database 

Pedigree 

matrix 

SD2 

Comments 

1 g of g-

C3N4 

nanosheets 

Input Melamine 1.38 g 

Melamine, at 

plant/US- US-EI U 

US-EI 

1,4,1,1,1,na 

1.11 
 

Yield 100%  
Cyanuric 

Acid 
1.41 g Created 

1,4,1,1,1,na 

1.11 
Based on 208 

  Ethanol 43.55 g 

Ethanol from 

ethylene, at 

plant/US- US-EI U 

US-EI 

1,4,1,1,1,na 

1.11 
 

  Helium 7.49 g 

Helium, at 

plant/GLO US-EI U 

US-EI 

2,4,1,1,1,na 

1.12 
Calcination inert gas 

  Electricity 16.9 kWh 

Electricity mix 

2018/US U  

US-EI 

4,4,1,1,1,na 

1.24 

Used for stirring, sonication, drying, 

and calcination 

 
Emission 

to air 
Ammonia 0.37 g  

2,4,5,1,1,na 

1.53 

Approximately 2 NH3 liberated by 

melamine pyrolysis at 550 °C for 4h 

(mole/mole melamine). Based on 
206,207 

C3H6N6 → g-C3N4 + 2 NH3 

  
Isocyanic 

acid 
1.41 g  

2,4,5,1,1,na 

1.53 

All cyanuric acid is decomposed into 

cyanic acid at 550 °C. Based on 
209,210 

(CNOH)3 (s) → 3 HNCO (g) 
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Table B.2. (continued) 

  Ethanol 43.55 g  
1,4,1,1,1,na 

1.11 
Evaporation 

  Helium 7.49 g  
2,4,1,1,1,na 

1.12 
Calcination inert gas 

        

Cyanuric 

Acid 

(for 12.75 

g) 

 Urea 9.2 g 

Urea, as N, at 

regional 

storehouse/US- US-

EI/U 

US-EI 

1,4,4,3,1,na 

1.24 

This LCI refers to 1 kg of N, resp. 

2.17 kg urea with a N-content of 

46%. Thus, to account for the 20 g 

of urea needed, the amount of 9.2 g 

is used 

Yield 89% 

Based on 
208 

 Kerosene 40 mL 

Kerosene, at 

refinery/I/US 

USLCI 

1,4,4,3,1,na 

1.24 
 

  
Deionized 

water 
15 g 

Water, deionised, at 

plant/US* US- EI U 

US-EI 

1,4,4,3,1,na 

1.24 
 

  Electricity 5.4 kWh 

Electricity mix 

2018/US U  

US-EI 

4,4,1,1,1,na 

1.24 
Used for stirring, heating, drying 

 
Emission 

to air 
Ammonia 5.67 g  

1,4,4,3,1,na 

1.24 

3 CH4N2O → (CNOH)3 + 3 NH3  

Based on 208 

  Water 15 g  
1,4,4,3,1,na 

1.24 
Evaporation 
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B.1.3 Biological Exfoliation Synthesis of g-C3N4 Nanosheets (with Bacterial Culture)  

B.1.3.1 Synthesis Procedure: The synthesis of g-C3N4 nanosheets using the bio-exfoliation with 

bacterial culture approach reported by Kang et al.64 was followed in this study. The g-C3N4 

nanosheets were synthesized by moderate bacterial post treatment of bulk g-C3N4 (vide supra). 20 

μL of saturated E. coli bacterial solution were inoculated in 200 mL of the culture medium, to 

which 5 g of bulk g-C3N4 was added. After 4 h of shock culturing in the dark at 37 °C, the bioetched 

g-C3N4 was separated by centrifugation at 10,000 rpm. Finally, the obtained yellow powder was 

calcinated at 550 °C for 4 h using a muffle furnace to remove the possible bacterial residue. 

B.1.3.2 Synthesis Yield: The synthesis yield was not reported in the referenced paper. Thus, 100% 

yield was assumed to enable comparison with other methods. Bulk g-C3N4 was considered the 

limiting reagent. 

B.1.3.3 LCI Details 

LCI Inputs 

i. 5 g bulk g-C3N4 

ii. E. coli bacteria was not included in the LCI 

iii. 200 mL of culture medium 

• Culture medium is composed of 5 g yeast extract, 10 g peptone, 1 L deionized 

water, 10 g NaCl. It was autoclaved for 15 minutes, which takes about 40 minutes 

for the whole cycle. Assuming the Fisherbrand™ SterilElite™ STE1622004, a 

small autoclave (16 L), with a power consumption of 1400 W 
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• Electricity consumed = Device power consumption (W) × time of use (h) = 1400 

W × 0.67 h = 0.94 kWh 

iv. Electricity (incubation): At a temperature of 37 °C for 4 h 

• Assuming the Fisherbrand™ Microbiological Incubator, 60 L, with power 

consumption of 300 W 

Electricity (centrifugation): Considering 10,000 rpm for10 minutes (assumed) 

• Assuming the Fisherbrand™ HORIZON™ 24 Clinical Centrifuge with power 

consumption of 220 W 

Electricity (calcination): Calculated for a temperature of 550 °C for 4 h, when the heating 

speed is 5 °C min−1 (the heating speed and furnace were not informed; therefore, it was 

assumed to be the same as the one reported to produce their bulk g-C3N4) 

•  Assuming the Thermo Scientific™ BF51866C1 muffle furnace with power 

consumption of 1800 W 

Electricity input calculations: 

Total time of tube furnace turned on for heating: 

Start temperature = 25 °C (room temperature)  

Annealing temperature = 550 °C  

Heating rate = 5 °C/min 

Time to reach annealing temperature = (550 °C – 25 °C) / (5 °C/min) = 105 min 

Total time of furnace turned on = 105 min + 4 h = 5.75 h 

Electricity consumed = Device power consumption (W) × time of use (h)  

• Incubation = 300 W × 4 h = 1.2 kWh 
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• Centrifugation = 220 W × 0.17 h = 0.037 kWh  

• Calcination nanosheets = 1800 W × 5.75 h = 10.35 kWh 

Total = (1.2 + 0.037 + 10.35) kWh = 11.59 kWh
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Table B.3. Life cycle inventory to produce g-C3N4 nanosheets via biological exfoliation route, including the Pedigree matrix for the unit processes (all 

distributions assumed to be lognormal). 

 Section Material Amount Unit 
LCI 

Database 

Pedigree 

matrix 

SD2 

Comments 

1 g of g-C3N4 

nanosheets via 

biological 

route 

Input 

Bulk g-C3N4 

from 

melamine 

1 g Created 
1,4,2,3,1,na 

1.12 
Details shown in Table S1 

Yield 100%  
Culture 

medium 
40 g Created 

1,4,2,3,1,na 

1.12 

Assuming 40 mL = 40 g. 

Based on 87 

  Electricity  11.59 kWh 

Electricity mix 

2018/US U  

US-EI 

4,4,1,1,1,na 

1.24 

Used for incubation, 

centrifugation, and 

calcination 

        

Culture medium 

(for 1 L or 1000 

g) 

Input Yeast extract 5 g Created  Based on 87 

  Peptone 10 g Created  Based on 87 

  
Deionized 

water 
1000 g 

Water, deionised, at 

plant/US* US- EI U 

US-EI 

  

  
Sodium 

chloride 
10 g 

Sodium chloride, 

powder, at plant/US- 

US EI U 

US-EI 

  

  Electricity  0.94 kWh 

Electricity mix 

2018/US U  

US-EI 

 Autoclaving 
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Table B.3. (continued) 

        

Yeast Extract 

(for 262.35 g) 
Input Yeast 500 g 

Fodder yeast, 211, 

ethanol production 

from whey, Cut-Off, U 

Ecoinvent 3 

  

Created based 

on 87 
 Water 2000 g 

Water, deionised, at 

plant/US* US- EI U 

US-EI 

  

  
Electricity 

(autoclaving) 
0.89 kWh 

Electricity mix 

2018/US U  

US-EI 

 

The reference paper used 1.9 

kWh for 3000 W, which 

means that the time of use 

was 0.63 h 

For the 1400 W autoclave 

chosen herein, the adjusted 

electricity input is 0.89 kWh 

  
Electricity 

(centrifuging) 
0.57 kWh 

Electricity mix 

2018/US U  

US-EI 

 

The reference paper used 5.59 

MJ (1.55 kWh) for 600 W, 

which means that the time of 

use was 2.59 h 

For the 220 W centrifuge 

chosen herein, the adjusted 

electricity input is 0.57 kWh 

        

Peptone 

(for 477 g) 
Input Soybean 40 g 

Soybean {US}, 

production, APOS, U 

Ecoinvent 3 

  

Created based 

on 87 
 Hexane 10 g 

Hexane, at plant/US- 

US-EI U 

US-EI 
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Table B.3. (continued) 

  
Sodium 

hydroxide 
0.8 g 

Sodium hydroxide, 

production mix, at 

plant/RNA 

USLCI 

  

  Enzymes 0.5 g 

Enzymes {GLO}, 

market for enzymes, 

APOS, U 

Ecoinvent 3 

  

  Water 200 g 

Water, deionised, at 

plant/US* US-EI U 

US-EI 

  

  
Electricity 

(heating) 
0.513 MJ 

Electricity mix 

2018/US U  

US-EI 

  

  
Electricity 

(centrifuge) 
0.11 kWh 

Electricity mix 

2018/US U  

US-EI 

 

The reference paper used 0.3 

kWh and assumed 3 times for 

10 minutes each (600 W, 0.5 

h) 

For the 220 W centrifuge 

chosen herein, the electricity 

input is 0.11 kWh 
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B.1.4 Chemical Exfoliation Synthesis of g-C3N4 Nanosheets 

B.1.4.1 Synthesis procedure: Based on the work of Zhang et al.89, ultrathin g-C3N4 nanosheets 

were obtained by liquid exfoliating of bulk g-C3N4 in water. In detail, 100 mg of bulk g-C3N4 

powder were dispersed in 100 mL water, and then ultrasonicated for 16 hours. The suspension was 

then centrifuged at 5,000 rpm for 10 minutes (assumed) to remove the residual unexfoliated g-

C3N4 nanoparticles and large-area nanosheets. 

B.1.4.2 Synthesis Yield: The synthesis yield was not reported in the referenced paper. Thus, 100% 

yield was assumed to enable comparison with other methods. Bulk g-C3N4 was considered the 

limiting reagent. 

B.1.4.3 LCI Details 

LCI Inputs 

i. 0.1 g of bulk g-C3N4 

ii. 100 mL of water 

iii. Electricity (ultrasonication): 16 h duration 

• Assuming the Aquasonic 150 HT bath sonicator with power consumption of 400 

W 

Electricity (centrifugation): Considering 5,000 rpm for 10 minutes (time assumed since not 

reported) 

• Assuming the Fisherbrand™ HORIZON™ 24 Clinical Centrifuge with power 

consumption of 220 W 

Electricity consumed = Device power consumption (W) × time of use (h)  
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• Ultrasonication = 400 W × 16 h = 6.4 kWh 

• Centrifugation = 220 W × 0.17 h = 0.037 kWh 

Total = (6.4 + 0.037) kWh = 6.44 kWh
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Table B.4. Life cycle inventory to produce g-C3N4 nanosheets by chemical exfoliation route, including the Pedigree matrix for the unit processes (all 

distributions assumed to be lognormal). 

 Section Material Amount Unit 
LCI 

Database 

Pedigree 

matrix 

SD2 

Comments 

1 g of g-C3N4 

nanosheets via 

chemical exfoliation 

route 

Input 

Bulk g-

C3N4 from 

melamine 

1 g Created 
1,4,3,1,1,na 

1.15 
Details shown in Table S1 

Yield 100%  Water 1000 g 

Water, deionised, at 

plant/US* US- EI U 

US-EI 

1,4,3,1,1,na 

1.15 
1000 mL 

  Electricity 6.44 kWh 

Electricity mix 

2018/US U  

US-EI 

4,4,1,1,1,na 

1.24 

Used for ultrasonication, 

and centrifugation 
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B.1.5 Thermal Etching Synthesis of g-C3N4 Nanosheets 

B.1.5.1 Synthesis procedure: Based on the work of  Zhao et al.36, bulk g-C3N4 was prepared by 

calcinating 5 g of melamine. After calcination, the bulk g-C3N4 was milled into powder and heated 

at 550 °C for 3 h with the heating rate of 5 °C min−1 to prepare the g-C3N4 nanosheets. 

B.1.5.2 Synthesis Yield: The synthesis yield was not reported in the referenced paper. Thus, 100% 

yield was assumed to enable comparison with other methods. Bulk g-C3N4 was considered the 

limiting reagent. 

B.1.5.3 LCI Details: 

LCI Inputs 

i. 3.65 g of bulk g-C3N4 

Electricity (calcination): Calculated for a temperature of 550 °C for 3 h, when the heating 

speed is 5 °C min−1 (the heating speed was not informed; therefore, it was assumed to be 

the same as the one reported to produce their bulk g-C3N4) 

•  Assuming the Thermo Scientific Lindberg/Blue M TF55035A-1 tube furnace 

with power consumption of 800 W 

Electricity input calculations: 

Calculating total time of tube furnace turned on for heating: 

Start temperature = 25 °C (room temperature) 

Annealing temperature = 550 °C 

Heating rate = 5 °C/min 

Time to reach annealing temperature = (550 °C – 25 °C) / (5 °C/min) = 105 min = 1.75 h 

Total time of furnace turned on = 1.75 h + 3 h = 4.75 h 
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Electricity consumed = Device power consumption (W) × time of use (h) 

Total = 800 W × 4.75 h = 3.8 kWh 
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Table B.5. Life Cycle Inventory to produce 1 g of g-C3N4 nanosheets by thermal etching synthesis route, including the Pedigree matrix for the unit 

processes (all distributions assumed to be lognormal). 

 Section Material Amount Unit 
LCI 

Database 

Pedigree matrix 

SD2 
Comments 

1 g of g-C3N4 

nanosheets via 

thermal etching 

route 

Input 
Bulk g-C3N4 

from melamine 
1 g Created 

1,4,3,3,1,na 

1.16 

Details shown in 

Table S1 

Yield 100%  Electricity 3.8 kWh 

Electricity mix 

2018/US U  

US-EI 

4,4,1,1,1,na 

1.24 
Used for calcination 
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B.1.6 Direct Pyrolysis Synthesis of B-doped g-C3N4 Nanosheets from Melamine 

B.1.6.1 Synthesis Procedure: Based on the work of Peng et al.175 The boron-doped carbon nitride 

nanosheets were prepared by direct pyrolysis of the mixture of boric acid and melamine in a semi-

closed system. In a typical approach, 3 g of melamine and 1.47 g of boric acid (with a molar ratio 

of 3:3) were dispersed in water and mixed to form a uniform white mixture. The well mixture was 

dried at 60 °C and then ground into powders with an agate mortar. The obtained mixture was 

placed in a crucible with a cover and then heated at 550 °C in air for 4 h with a heating rate of 5 

°C min−1. The obtained products were further rinsed with water to neutral and dried at 60 °C.  

B.1.6.2 Synthesis Yield: The synthesis yield was not reported in the referenced paper. Thus, 100% 

yield was assumed to enable comparison with other methods. Melamine was considered the 

limiting reagent. 

B.1.6.3 LCI Details: 

LCI Inputs 

i. 3 g melamine 

ii. 1.47 g of boric acid 

iii. 10 mL of water (assumed)  

iv. Electricity (stirring): 3 h duration (assumed) 

• Considering the Thermo Scientific™ SP88854100 stirring hot plate with power 

consumption of 540 W 

Electricity (drying): 5 h duration (assumed) 
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• Assuming the Thermo Scientific™ SP88854100 stirring hot plate with power 

consumption of 540 W 

Electricity (calcination): Calculated for a heating temperature of 550 °C for 4 h using a 

muffle furnace, when the heating rate is 5 °C min−1  

• Assuming the Thermo Scientific Lindberg/Blue M TF55035A-1 tube furnace with 

power consumption 800 W 

v. 5 mL of water (assumed) 

vi. Electricity (drying): 2.5 h duration (assumed) 

Electricity input calculations: 

Total time of muffle furnace turned on for heating: 

Start temperature = 25 °C (room temperature)  

Annealing temperature = 550 °C  

Heating rate = 5 °C/min 

Time to reach annealing temperature = (550 °C – 25 °C) / (5 °C/min) = 105 min 

Total time of furnace turned on = 105 min + 4 h = 5.75 h 

Electricity consumed = Device power consumption (W) × time of use (h)  

• Stirring (stirring hot plate) = 540 W × 3 h = 1.62 kWh 

• Drying (stirring hot plate) = 540 W × 5 h = 2.70 kWh 

• Calcination (tube furnace) = 800 W × 5.75 h = 4.60 kWh 

• Drying (stirring hot plate) = 540 W × 2.5 h = 1.35 kWh 

Total = (1.62 + 2.70 + 4.60 + 1.35) kWh = 10.27 kWh 
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LCI Emissions to Air 

i.  0.81 g of Ammonia. 

ii.  15 g of Water. 



119 

Table B.6. Life cycle inventory to produce B-doped g-C3N4 nanosheets from melamine by direct pyrolysis including the Pedigree matrix for the unit 

processes (all distributions assumed to be lognormal). 

 Section Material Amount Unit 
LCI 

Database 

Pedigree 

matrix 

SD2 

Comments 

1 g of g-

C3N4 

nanosheets 

Input Melamine 1.37 g 

Melamine, at plant/US- 

US-EI U 

US-EI 

1,4,2,3,1,na 

1.12 
 

Yield 

100% 
 

Boric 

Acid 
0.67 g 

Boric acid, anhydrous, 

powder, at plant/US- 

US-EI U 

US-EI 

1,4,2,3,1,na 

1.12 
 

  Water 15 g 

Water, deionised, at 

plant/US* US- EI U 

US-EI 

4,4,2,3,1,na 

1.24 
 

  Electricity 10.27 kWh 

Electricity mix 2018/US 

U  

US-EI 

4,4,1,1,1,na 

1.24 

Used for stirring, drying, and 

calcination 

 
Emission 

to air 
Ammonia 0.37 g  

2,4,5,1,1,na 

1.53 

Approximately 2 NH3 liberated 

by melamine pyrolysis at 550 

°C for 4h (mole/mole 

melamine). Based on 206 

C3H6N6 → g-C3N4 + 2 NH3 

  Water 15 g  
4,4,2,3,1,na 

1.24 
Evaporation 
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B.1.7 Thermal Polymerization Synthesis of B-doped g-C3N4 Nanosheets from Urea 

B.1.7.1 Synthesis Procedure: Based on the work of Yan et al.174 A facile one-pot strategy is 

developed to synthesize porous B-doped g-C3N4 nanosheets using boric acid and urea as the 

precursors during thermal polymerization. The B-doped g-C3N4 are synthesized by heating boric 

acid (H3BO3) and urea (CO(NH2)2) as fuel in a muffle furnace. 20 g of CO(NH2)2 and appropriate 

H3BO3 with the grinding bowl grinding evenly was placed in crucible with a cover. The crucible 

is heated to 500 ℃ and hold for 2 h, then continued to heat the crucible to 550 ℃ and hold for 1 

h. Then, the samples were cooled to room temperature. The synthesized samples are collected and 

ground into powders.  

B.1.7.2 Synthesis Yield: The synthesis yield was not reported in the referenced paper. Thus, 100% 

yield was assumed to enable comparison with other methods. Urea was considered the limiting 

reagent. 

B.1.7.3 LCI Details: 

LCI Inputs 

i. 20 g urea 

ii. 0.1 g of boric acid 

iii. Electricity (calcination): Calculated for a heating temperature of 500 °C for 2 h using a 

muffle furnace, when the heating rate is 5 °C min−1 (assumed) 

Electricity (calcination): Calculated for a heating temperature of 550 °C for 1 h using a 

muffle furnace, when the heating rate is 5 °C min−1 (assumed) 
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• Assuming the Thermo Scientific™ BF51866C1 muffle furnace with power 

consumption of 1800 W 

Electricity input calculations: 

Calculating total time of furnace turned on for heating: 

Start temperature = 25 °C (room temperature)  

Annealing temperature = 500 °C 

Heating rate = 5 °C/min 

Time to reach annealing temperature = (500 °C – 25 °C) / (5 °C/min) = 95 min = 1.58h 

 

Start temperature = 500 °C  

Annealing temperature = 550 °C 

Heating rate = 5 °C/min 

Time to reach annealing temperature = (550 °C – 500 °C) / (5 °C/min) = 10 min = 0.17h 

Total time of muffle furnace turned on = 1.58 h + 2 h + 0.17 h + 1 h = 4.75 h 

Electricity consumed = Device power consumption (W) × time of use (h)  

• Calcination (muffle furnace) = 1800 W × 4.75 h = 8.55 kWh 

LCI Emissions to Air 

i. 3.78 g of Ammonia 

ii. 6 g of Water. 
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Table B.7. Life cycle inventory to produce B-doped g-C3N4 nanosheets from urea by thermal polymerization, including the Pedigree matrix for the unit 

processes (all distributions assumed to be lognormal). 

 Section Material Amount Unit 
LCI 

Database 

Pedigree 

matrix 

SD2 

Comments 

1 g of g-

C3N4 

nanosheets 

Input Urea 0.90 g 

Urea, as N, at regional 

storehouse/US- US-EI U 

US-EI 

1,4,2,3,1,na 

1.12 

This LCI refers to 1 kg of N, resp. 

2.17 kg urea with a N-content of 

46%. Thus, to account for the 1.96 

g of urea needed, the amount of 

0.90 g is used 

Yield 

100% 
 

Boric 

Acid 
0.01 g 

Boric acid, anhydrous, 

powder, at plant/US- 

US-EI 

US-EI 

2,4,2,3,1,na 

1.13 
 

  Electricity 8.55 kWh 

Electricity mix 2018/US 

U  

US-EI 

4,4,1,1,1,na 

1.24 
Used for calcination 

 
Emission 

to air 
Ammonia 0.37 g  

2,4,4,3,1,na 

1.24 

Based on 207,212 

CH4N2O → g-C3N4 + 2 NH3 + 3 

H2O 

  Water 0.59 g  
2,4,4,3,1,na 

1.24 

Based on 207,212 

CH4N2O → g-C3N4 + 2 NH3 + 3 

H2O 
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B.1.8 Two-step Calcination Synthesis of C-doped g-C3N4 Nanosheets 

B.1.8.1 Synthesis Procedure:  

B.1.8.2 Based on the work of Xiao et al.72, 100 mg of the bulk g-C3N4 powder and 200 mg of 

glucose were added to 50 mL of distilled water and vigorously stirred for 12 h to obtain a 

homogeneous suspension. The mixture was dried at 80 ℃ overnight, and then placed in a crucible 

with a cover. The crucible was heated to 450 ℃ at a 5 ℃ min-1 heating rate in a tube furnace for 

2 h in air.  

B.1.8.3 Synthesis Yield: The synthesis yield was not reported in the referenced paper. Thus, 100% 

yield was assumed to enable comparison with other methods. Bulk g-C3N4 was considered the 

limiting reagent. 

B.1.8.4 LCI Details: 

LCI Inputs 

i. 100 g of bulk g-C3N4 

ii. 200 g of glucose 

iii. 50 mL of water 

iv. Electricity (stirring): 12 h duration 

• Considering the Thermo Scientific™ SP88854100 stirring hot plate with power 

consumption of 540 W 

Electricity (drying): 12 h duration (assumed to reflect overnight) 
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• Assuming the Thermo Scientific™ SP88854100 stirring hot plate with power 

consumption of 540 W 

Electricity (calcination): Calculated for a heating temperature of 450 °C for 2 h using a 

tube furnace, when the heating rate is 5 °C min−1 

• Assuming the Thermo Scientific Lindberg/Blue M TF55035A-1 tube furnace with 

power consumption of 800 W 

Electricity input calculations: 

Calculating total time of tube furnace turned on for heating: 

Start temperature = 25 °C (room temperature)  

Annealing temperature = 450 °C  

Heating rate = 5 °C/min 

Time to reach annealing temperature = (450 °C – 25 °C) / (5 °C/min) = 85 min 

Total time of furnace turned on = 85 min + 2 h = 3.42 h 

Electricity consumed = Device power consumption (W) × time of use (h)  

• Stirring (stirring hot plate) = 540 W × 12 h = 6.48 kWh\ 

• Drying (stirring hot plate) = 540 W × 12 h = 6.48 kWh 

• Calcination (tube furnace) = 800 W × 3.42 h = 2.74 kWh 

Total = (6.48 + 6.48 + 2.74) kWh = 15.7 kWh 

LCI Emissions to Air 

i.  50 g of Water. 
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Table B.8. Life cycle inventory to produce C-doped g-C3N4 nanosheets by two-step calcination, including the Pedigree matrix for the unit processes (all 

distributions assumed to be lognormal). 

 Section Material Amount Unit 
LCI 

Database 

Pedigree 

matrix 

SD2 

Comments 

1 g of g-

C3N4 

nanosheets 

Input 
Bulk g-

C3N4 
1 g Created 

1,4,2,3,1,na 

1.12 

Details shown in Table 

S1 

Yield 100%  Glucose 2 g 

Glucose {GLO}, market for 

glucose, APOS U 

Ecoinvent 3 

1,4,2,3,1,na 

1.12 
 

  Water 0.5 g 

Water, deionised, at plant/US* 

US- EI U 

US-EI 

1,4,2,3,1,na 

1.12 
 

  Electricity 15.7 kWh 
Electricity mix 2018/US U  

US-EI 

4,4,1,1,1,na 

1.24 

Used for stirring, 

drying, and calcination 

 
Emission 

to air 
Water 0.5 g  

1,4,2,3,1,na 

1.12 
Evaporation 
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B.1.9 Synthesis of O-doped g-C3N4 Nanosheets 

B.1.9.1 Synthesis Procedure: Based on the work of Huang et al.176, porous O-doped g-C3N4 was 

synthesized by mixing melamine (0.15g) with hydrogen peroxide (30 vol%, 5.2 or 10.4 mL) and 

stirring for 10 min at 60 ℃. The mixture was then separated via centrifugation, washed 3 times 

with high purity water and ethanol, and dried at 40 ℃ overnight. Finally, the mixture was ground 

into powder and calcined at 550 ℃ for 2 h with a heating rate of 5.0 ℃/min in N2 atmosphere. 

Sample using 5.2 mL of H2O2 has higher photocatalytic activity. 

B.1.9.2 Synthesis Yield: The synthesis yield was not reported in the referenced paper. Thus, 100% 

yield was assumed to enable comparison with other methods. Melamine was considered the 

limiting reagent. 

B.1.9.3 LCI Details: 

LCI Inputs 

i. 0.15 g melamine 

ii. 5.2 mL hydrogen peroxide 30%, which is equal 3.46 g of hydrogen peroxide 50% plus 

2.14 g of water 

iii. Electricity (stirring): 10 minutes 

• Considering the Thermo Scientific™ SP88854100 stirring hot plate with power 

consumption of 540 W 

Electricity (centrifugation): 30 minutes (assumed 10 minutes each time since time is not 

reported).  
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• Assuming the Fisherbrand™ HORIZON™ 24 Clinical Centrifuge with power 

consumption of 220 W 

iv. 15 mL of water (assumed) 

v. 15 mL of ethanol (assumed), which is equal 11.84 g of ethanol (density of 0.789 g/mL). 

vi. Electricity (drying): 12 h duration (assumed) 

• Assuming the Thermo Scientific™ SP88854100 stirring hot plate with power 

consumption of 540 W 

Electricity (calcination): Calculated for a heating temperature of 550 °C for 2 h using a 

tube furnace, when the heating rate is 5 °C min−1 

• Assuming the Thermo Scientific Lindberg/Blue M TF55035A-1 tube furnace with 

power consumption of 800 W 

vii. Nitrogen gas: assuming flow of 100 mL/min, and temperature of 21 ℃. 

• 100 mL/min × 3.75 h = 22.5 L of N2. Mass = 22.5 L × 1.16 kg/m3 × 1 m3/1000 L 

= 0.0261 kg = 26.1 g 

Electricity input calculations: 

Calculating total time of tube furnace turned on for heating: 

Start temperature = 25 °C (room temperature)  

Annealing temperature = 550 °C  

Heating rate = 5 °C/min 

Time to reach annealing temperature = (550 °C – 25 °C) / (5 °C/min) = 105 min 

Total time of furnace turned on = 1.75 h + 2 h = 3.75 h 
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Electricity consumed = Device power consumption (W) × time of use (h)  

• Stirring (stirring hot plate) = 540 W × 0.17 h = 0.0918 kWh 

• Centrifugation (centrifuge) = 220 W × 0.25 h = 0.055 kWh 

• Drying (stirring hot plate) = 540 W × 12 h = 6.48 kWh 

• Calcination (tube furnace) = 800 W × 3.75 h = 3.0 kWh 

Total = (0.0918 + 0.055 + 6.48 + 3.0) kWh = 9.63 kWh 

LCI Emissions to Air 

i. 0.042 g of Ammonia 

ii. 15 g of Water 

iii. 11.84 g of Ethanol 

iv. 26.1 g of Nitrogen 
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Table B.9. Life cycle inventory to produce O-doped g-C3N4 nanosheets, including the Pedigree matrix for the unit processes (all distributions assumed 

to be lognormal). 

 Section Material Amount Unit 
LCI 

Database 

Pedigree 

matrix 

SD2 

Comments 

1 g of g-

C3N4 

nanosheets 

Input Melamine 1.36 g 
Melamine, at plant/US- US-EI U 

US-EI 

1,4,3,3,1,na 

1.16 
 

Yield 

100% 
 

Hydrogen 

peroxide 
31.37 g 

Hydrogen peroxide, 50% in H2O, 

at plant/US- US-EI U 

US-EI 

1,4,3,3,1,na 

1.16 
 

  Water 19.40 g 

Water, deionised, at plant/US* 

US- EI U 

US-EI 

4,4,3,3,1,na 

1.26 
Dilution 

  Water 15 g 

Water, deionised, at plant/US* 

US- EI U 

US-EI 

4,4,3,3,1,na 

1.26 
Washing 

  Ethanol 11.84 g 

Ethanol from ethylene, at 

plant/US- US-EI U 

US-EI 

4,4,3,3,1,na 

1.26 
Washing 

  
Nitrogen 

gas 
26.10 g 

Nitrogen, liquid, at plant/US- US-

EI U 

US-EI 

2,4,1,1,1,na 

1.12 
Calcination inert gas 

  Electricity 9.63 kWh 
Electricity mix 2018/US U  

US-EI 

4,4,1,1,1,na 

1.24 

Used for stirring, 

centrifugation, drying, 

and calcination 

 
Emission 

to air 
Ammonia 0.38 g  

2,4,5,1,1,na 

1.53 

Approximately 2 NH3 

liberated by melamine 

pyrolysis at 550 °C for 2 

h (mole/mole melamine). 

Based on 206 
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Table B.9. (continued) 

  Water 15 g  
4,4,3,3,1,na 

1.26 
Evaporation 

  Ethanol 11.84 g  
4,4,3,3,1,na 

1.26 
Evaporation 

  Nitrogen 26.1 g  
2,4,1,1,1,na 

1.12 
Calcination inert gas 
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Figure B.1. Relative environmental impacts of eight g-C3N4 synthesis routes to produce 1 g of g-C3N4 nanosheets, using TRACI 2.1 life cycle impact 

assessment method. The trends and magnitudes of impacts are similar for all impact categories. Relative impacts are normalized to the highest value in 

each category. 
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Table B.10. Absolute values of environmental impacts to produce 1 g of g-C3N4 nanosheets by the eight synthesis routes assuming 100% yield (CTU: 

Comparative Toxic Unit, h: for humans, e: for ecosystems, eq: equivalents). 

Impact category Unit 
Supra 

molecular 

Biological 

exfoliation 

Chemical 

exfoliation 

Thermal 

etching 

B-doped 

melamine 

B-doped 

urea 
C-doped O-doped 

Ozone 

Depletion 

kg 

CFC-11 

eq 

4.37E-07 3.37E-07 2.09E-07 1.43E-07 2.56E-07 2.13E-07 4.39E-07 2.43E-07 

Global 

Warming 

kg CO2 

eq 
1.08E+01 8.32E+00 5.14E+00 3.52E+00 6.30E+00 5.25E+00 1.08E+01 5.98E+00 

Smog 
kg O3 

eq 
4.68E-01 3.09E-01 1.91E-01 1.31E-01 2.34E-01 1.95E-01 4.02E-01 2.40E-01 

Acidification 
kg SO2 

eq 
4.71E-02 3.54E-02 2.21E-02 1.53E-02 2.71E-02 2.27E-02 4.59E-02 2.57E-02 

Eutrophication kg N eq 2.38E-02 1.82E-02 1.13E-02 7.73E-03 1.38E-02 1.15E-02 2.37E-02 1.31E-02 

Carcinogenics CTUh 3.97E-07 3.06E-07 1.89E-07 1.29E-07 2.32E-07 1.93E-07 3.98E-07 2.29E-07 

Non 

Carcinogenics 
CTUh 1.39E-06 1.07E-06 6.60E-07 4.52E-07 8.10E-07 6.73E-07 1.39E-06 7.70E-07 

Respiratory 

Effects 

kg 

PM2.5 

eq 

2.85E-03 2.17E-03 1.35E-03 9.29E-04 1.65E-03 1.38E-03 2.81E-03 1.57E-03 

Ecotoxicity CTUe 3.14E+01 2.42E+01 1.50E+01 1.02E+01 1.84E+01 1.53E+01 3.16E+01 1.78E+01 

Fossil Fuel 

Depletion 

MJ 

surplus 
1.27E+01 9.58E+00 5.92E+00 4.05E+00 7.26E+00 6.04E+00 1.25E+01 6.98E+00 
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Figure B.2. The mean impact and the associated uncertainty for each synthesis route in all assessed impact categories. Error bars represent 95% 

confidence intervals for the uncertainties in the unit processes and are calculated using a Monte Carlo approach.
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Table B.11. Absolute values of environmental impacts associated with electricity when varying calcination parameters (CTU: Comparative Toxic Unit, 

h: for humans, e: for ecosystems, eq: equivalents). 

Impact category Unit 
2.3 ℃/min, 

2 h, 520 ℃ 

15 ℃/min, 

2 h, 520 ℃ 

2 h,  

5 ℃/min, 

520 ℃ 

4 h,  

5 ℃/min, 

520 ℃ 

520 ℃,  

2 h, 5 ℃/min  

600 ℃,  

2 h, 5 ℃/min 

Ozone Depletion kg CFC-11 eq 1.11E-07 5.07E-08 7.25E-08 1.12E-07 7.25E-08 7.79E-08 

Global Warming kg CO2 eq 2.74E+00 1.25E+00 1.79E+00 2.77E+00 1.79E+00 1.92E+00 

Smog kg O3 eq 1.02E-01 4.65E-02 6.65E-02 1.03E-01 6.65E-02 7.15E-02 

Acidification kg SO2 eq 1.15E-02 5.24E-03 7.50E-03 1.16E-02 7.50E-03 8.06E-03 

Eutrophication kg N eq 6.00E-03 2.74E-03 3.92E-03 6.07E-03 3.92E-03 4.21E-03 

Carcinogenics CTUh 1.01E-07 4.60E-08 6.59E-08 1.02E-07 6.59E-08 7.07E-08 

Non Carcinogenics CTUh 3.52E-07 1.61E-07 2.30E-07 3.56E-07 2.30E-07 2.47E-07 

Respiratory Effects kg PM2.5 eq 7.07E-04 3.22E-04 4.61E-04 7.14E-04 4.61E-04 4.96E-04 

Ecotoxicity CTUe 7.98E+00 3.64E+00 5.21E+00 8.07E+00 5.21E+00 5.60E+00 

Fossil Fuel 

Depletion 
MJ surplus 3.15E+00 1.44E+00 2.06E+00 3.19E+00 2.06E+00 2.21E+00 
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Table B.12. Absolute values of environmental impacts to produce 1 g of g-C3N4 nanosheets by eight synthesis routes assuming 100% yield, and 

considering a cleaner electricity grid mix (CTU: Comparative Toxic Unit, h: for humans, e: for ecosystems, eq: equivalents). 

Impact 

category 
Unit 

Supra 

molecular 

Biological 

exfoliation 

Chemical 

exfoliation 

Thermal 

etching 

B-doped 

melamine 

B-doped 

urea 
C-doped O-doped 

Ozone 

Depletion 

kg CFC-

11 eq 
2.93E-08 2.14E-08 1.37E-08 9.27E-09 1.63E-08 1.33E-08 2.78E-08 1.86E-08 

Global 

Warming 

kg CO2 

eq 
2.45E+00 1.84E+00 1.14E+00 7.82E-01 1.40E+00 1.16E+00 2.39E+00 1.38E+00 

Smog kg O3 eq 2.48E-01 1.39E-01 8.57E-02 5.87E-02 1.05E-01 8.74E-02 1.80E-01 1.19E-01 

Acidification 
kg SO2 

eq 
2.31E-02 1.68E-02 1.06E-02 7.45E-03 1.31E-02 1.10E-02 2.17E-02 1.25E-02 

Eutrophication kg N eq 1.33E-03 8.66E-04 5.51E-04 3.89E-04 6.72E-04 5.61E-04 1.12E-03 7.76E-04 

Carcinogenics CTUh 4.75E-08 3.53E-08 2.19E-08 1.50E-08 2.68E-08 2.22E-08 4.60E-08 3.69E-08 

Non 

Carcinogenics 
CTUh 3.01E-07 2.28E-07 1.41E-07 9.68E-08 1.73E-07 1.43E-07 2.94E-07 1.73E-07 

Respiratory 

Effects 

kg PM2.5 

eq 
1.37E-03 1.02E-03 6.35E-04 4.42E-04 7.81E-04 6.51E-04 1.31E-03 7.51E-04 

Ecotoxicity CTUe 7.78E+00 5.90E+00 3.65E+00 2.50E+00 4.47E+00 3.70E+00 7.72E+00 4.74E+00 

Fossil Fuel 

Depletion 

MJ 

surplus 
6.12E+00 4.45E+00 2.75E+00 1.89E+00 3.38E+00 2.80E+00 5.78E+00 3.34E+00 
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Table B.13. Percent reduction in environmental impacts to produce 1 g of g-C3N4 nanosheets when considering a cleaner electricity grid mix compared 

to the 2018 country mix from SimaPro. 

Impact 

category 
Supramolecular 

Biological 

exfoliation 

Chemical 

exfoliation 

Thermal 

etching 

B-doped 

melamine 

B-doped 

urea 
C-doped O-doped 

Ozone 

Depletion 
93 94 93 93 94 94 94 92 

Global 

Warming 
77 78 78 78 78 78 78 77 

Smog 47 55 55 55 55 55 55 50 

Acidification 51 52 52 51 52 52 53 51 

Eutrophication 94 95 95 95 95 95 95 94 

Carcinogenics 88 88 88 88 88 89 88 84 

Non 

Carcinogenics 
78 79 79 79 79 79 79 77 

Respiratory 

Effects 
52 53 53 52 53 53 53 52 

Ecotoxicity 75 76 76 76 76 76 76 73 

Fossil Fuel 

Depletion 
52 54 53 53 54 54 54 52 
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B.2 Environmental Impacts Associated with Scaled Up Scenarios 

B.2.1 Scaling up the g-C3N4 Production from 1 g to 1 kg 

The synthesis procedures are detailed in section 1 on a per gram basis. To synthesize 1 kg of 

g-C3N4, a higher capacity muffle furnace was considered, and all other equipment necessary for 

the syntheses remained the same (i.e., the power consumption was only modified for the 

calcination step, which is the most energy intensive). Additionally, all precursors, reagents and 

emissions were linearly scaled to produce 1 kg of g-C3N4 (i.e., × 1000). 

• Assuming the Thermo Scientific™ BF51842PBFMC1 muffle furnace (capacity of 55.3 

L) with power consumption of 5800 W 

• Assuming the Chemglass Life Sciences CGQ400004 quartz crucible of 100 mL, it would 

be possible to fit 60 crucibles within the muffle furnace, totaling a volume of 6 L 

• According to our experimental data, a 10 mL crucible holds about 2.5 g of g-C3N4 

precursors. Thus, 6 L of crucible volume can hold 1.5 kg of g-C3N4 precursors, which 

means this muffle furnace could be used to make 1 kg of g- C3N4 by all synthesis routes. 

• Electricity consumed = Device power consumption (W) × time of use (h) 

B.2.1.1 Electricity Demand for Bulk g-C3N4 

• Calcination (higher capacity muffle furnace) = 5800 W × 3.65 h = 21.17 kWh 

B.2.1.2 Electricity Demand for Supramolecular 

• Stirring = 540 W × 3 h = 1.62 kWh 
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• Bath sonication = 400 W × 1 h = 0.4 kWh 

• Drying = 540 W × 16 h = 8.64 kWh 

• Calcination (higher capacity muffle furnace) = 5800 W × 7.8 h = 45.24 kWh 

Total = (1.62 + 0.4 + 8.64 + 45.24) kWh = 55.9 kWh 

Note: The helium gas input is not included because an air atmosphere is assumed for the reaction 

in the muffle furnace. 

B.2.1.3 Electricity Demand for Biological Exfoliation 

• Incubation = 300 W × 4 h = 1.2 kWh 

• Centrifugation = 220 W × 0.17 h = 0.037 kWh  

• Calcination (higher capacity muffle furnace) = 5800 W × 5.75 h = 33.35 kWh 

Total = (1.2 + 0.037 + 33.35) kWh = 34.59 kWh 

B.2.1.4 Electricity Demand for Chemical Exfoliation 

• Ultrasonication = 400 W × 16 h = 6.4 kWh 

• Centrifugation = 220 W × 0.17 h = 0.037 kWh 

Total = (6.4 + 0.037) kWh = 6.44 kWh 

B.2.1.5 Electricity Demand for Thermal Etching 

• Calcination (higher capacity muffle furnace) = 5800 W × 4.75 h = 27.55 kWh 

Total = 27.55 kWh 

B.2.1.6 Electricity Demand for B-doped from Melamine 
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• Stirring = 540 W × 3 h = 1.62 kWh 

• Drying = 540 W × 5 h = 2.70 kWh 

• Calcination (higher capacity muffle furnace) = 5800 W × 5.75 h = 33.35 kWh 

• Drying = 540 W × 2.5 h = 1.35 kWh 

Total = (1.62 + 2.70 + 33.35 + 1.35) kWh = 39.02 kWh 

B.2.1.7 Electricity Demand for B-doped from Urea 

• Calcination (higher capacity muffle furnace) = 5800 W × 4.75 h = 27.55 kWh 

Total = 27.55 kWh 

B.2.1.8 Electricity Demand for C-doped 

• Stirring = 540 W × 12 h = 6.48 kWh 

• Drying = 540 W × 12 h = 6.48 kWh 

• Calcination (higher capacity muffle furnace) = 5800 W × 3.42 h = 19.84 kWh 

Total = (6.48 + 6.48 + 19.84) kWh = 32.80 kWh 

B.2.1.9 Electricity Demand for O-doped 

• Stirring = 540 W × 0.17 h = 0.0918 kWh 

• Centrifugation = 220 W × 0.25 h = 0.055 kWh 

• Drying = 540 W × 12 h = 6.48 kWh 

• Calcination (higher capacity muffle furnace) = 5800 W × 3.75 h = 21.75 kWh 
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Total = (0.0918 + 0.055 + 6.48 + 21.75) kWh = 28.38 kWh 

Note: The nitrogen gas input is not included because an air atmosphere is assumed for the reaction 

in the muffle furnace. 



141 

Table B.14. Absolute values of environmental impacts for each nano-TiO2 synthesis when producing 1 kg, based on the study of Wu et al.,87 and when 

scaling down the production to 1 g (CTU: Comparative Toxic Unit, h: for humans, e: for ecosystems, eq: equivalents).

  Sol-gel Radio frequency thermal plasma 

Impact category Unit 1 kg 1 g 1 kg 1 g 

Ozone depletion kg CFC-11 eq 2.04E-06 1.29E-07 3.40E-05 3.09E-05 

Global warming kg CO2 eq 3.27E+01 3.15E+00 8.23E+02 7.70E+02 

Smog kg O3 eq 1.55E+00 1.18E-01 3.11E+01 2.89E+01 

Acidification kg SO2 eq 1.32E-01 1.32E-02 3.47E+00 3.26E+00 

Eutrophication kg N eq 1.35E-01 6.97E-03 1.86E+00 1.73E+00 

Carcinogenics CTUh 1.05E-06 1.16E-07 3.10E-05 2.94E-05 

Non carcinogenics CTUh 3.74E-06 4.05E-07 1.08E-04 1.02E-04 

Respiratory effects kg PM2.5 eq 1.55E-02 8.20E-04 2.21E-01 1.98E-01 

Ecotoxicity CTUe 1.88E+02 9.27E+00 2.59E+03 2.34E+03 

Fossil fuel depletion MJ surplus 1.08E+02 3.70E+00 1.07E+03 8.70E+02 
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Figure B.3. Relative environmental impacts for producing 1 g of g-C3N4 nanosheets and nano-TiO2 by different synthesis routes. Relative impacts are 

normalized to the highest value in each category. The relative impact values for nano-TiO2 syntheses were obtained based on the life cycle inventory 

reported by Wu et al.,87 assuming the same electricity input and materials necessary for the equipment functioning when scaling down the functional 

unit from kg to g. Precursors and reagents were linearly scaled (i.e., ÷ 1000). RF thermal = radio frequency thermal plasma
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Table B.15. Absolute values of environmental impacts for producing 1 kg of g-C3N4 nanosheets by each synthesis route when scaling up the g-C3N4 

nanosheets production from 1 g to 1 kg (CTU: Comparative Toxic Unit, h: for humans, e: for ecosystems, eq: equivalents).

Impact category Unit Supramolecular Biological exfoliation Chemical exfoliation Thermal etching 

Ozone depletion kg CFC-11 eq 1.79E-05 2.95E-06 1.58E-06 1.71E-06 

Global warming kg CO2 eq 4.68E+02 6.73E+01 2.61E+01 3.78E+01 

Smog kg O3 eq 8.40E+01 2.44E+00 9.16E-01 1.34E+00 

Acidification kg SO2 eq 3.77E+00 9.83E-01 8.08E-01 8.57E-01 

Eutrophication kg N eq 1.15E+00 1.88E-01 9.42E-02 1.19E-01 

Carcinogenics CTUh 1.67E-05 2.43E-06 9.50E-07 1.33E-06 

Non carcinogenics CTUh 5.96E-05 8.94E-06 3.85E-06 5.10E-06 

Respiratory effects kg PM2.5 eq 1.89E-01 4.49E-02 3.38E-02 3.68E-02 

Ecotoxicity CTUe 1.37E+03 2.13E+02 8.50E+01 1.16E+02 

Fossil fuel depletion MJ surplus 7.95E+02 8.52E+01 3.82E+01 5.18E+01 

      

Impact category Unit B-doped melamine B-doped urea C-doped O-doped 

Ozone depletion kg CFC-11 eq 1.52E-06 9.02E-07 4.94E-05 3.92E-06 

Global warming kg CO2 eq 3.25E+01 2.03E+01 1.21E+03 8.16E+01 

Smog kg O3 eq 1.17E+00 7.16E-01 4.50E+01 2.09E+01 

Acidification kg SO2 eq 8.44E-01 7.80E-01 5.64E+00 9.97E-01 

Eutrophication kg N eq 1.08E-01 8.47E-02 2.69E+00 2.00E-01 

Carcinogenics CTUh 1.15E-06 7.07E-07 4.45E-05 1.21E-05 

Non carcinogenics CTUh 4.52E-06 2.66E-06 1.53E-04 1.27E-05 

Respiratory effects kg PM2.5 eq 3.67E-02 3.09E-02 3.36E-01 4.84E-02 

Ecotoxicity CTUe 1.03E+02 6.04E+01 3.60E+03 5.85E+02 

Fossil fuel depletion MJ surplus 4.59E+01 2.71E+01 1.40E+03 1.97E+02 
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Figure B.4. Relative environmental impacts for producing 1 kg of g-C3N4 nanosheets and nano-TiO2 by different synthesis routes. The relative impact 

values for nano-TiO2 syntheses were obtained based on the life cycle inventory reported by Wu et al.87 The g-C3N4 nanosheet syntheses were scaled up 

from 1 g to 1 kg assuming a higher capacity muffle furnace while all other equipment necessary for the syntheses remained the same. Precursors, 

reagents, and emissions were linearly scaled (i.e., multiplied by 1000). RF thermal = radio frequency thermal plasma
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Table B.16. Absolute values of environmental impacts for producing 1 kg of g-C3N4 nanosheets and nano-TiO2 precursors (CTU: Comparative Toxic 

Unit, h: for humans, e: for ecosystems, eq: equivalents).

Impact category Unit Melamine Urea Cyanamide TTIP TTBO 

Ozone depletion kg CFC-11 eq 3.66E-07 1.11E-07 1.20E-06 5.27E-07 4.60E-07 

Global warming kg CO2 eq 5.82E+00 1.74E+00 4.26E+01 7.89E+00 7.54E+00 

Smog kg O3 eq 1.66E-01 4.45E-02 1.23E+00 3.86E-01 3.51E-01 

Acidification kg SO2 eq 2.62E-02 6.85E-03 1.76E-01 3.17E-02 2.90E-02 

Eutrophication kg N eq 7.43E-03 1.95E-03 4.43E-02 3.27E-02 1.59E-02 

Carcinogenics CTUh 1.71E-07 4.37E-08 1.03E-06 2.51E-07 2.37E-07 

Non carcinogenics CTUh 9.24E-07 2.49E-07 4.42E-06 8.99E-07 8.26E-07 

Respiratory effects kg PM2.5 eq 3.21E-03 9.67E-04 1.63E-02 4.00E-03 3.61E-03 

Ecotoxicity CTUe 2.12E+01 5.73E+00 1.45E+02 4.92E+01 4.34E+01 

Fossil fuel depletion MJ surplus 1.27E+01 3.93E+00 1.23E+02 2.76E+01 3.23E+01 
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Figure B.5. Process contributions associated with the ten TRACI mid-point impact categories to produce 1 kg 

of cyanamide and 1 kg of calcium cyanamide. 
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Table B.17. Life cycle inventory to produce cyanamide, including the Pedigree matrix for the unit processes (all distributions assumed to be lognormal). 

 Section Material Amount Unit 
LCI 

Database 

Pedigree matrix 

SD2 

Cyanamide 

(for 639.2 g) 
Input Methanol 9.516 kg 

Methanol, at plant/RNA 

USLCI 

1,4,5,3,1,na 

1.52 

Yield 100%  
Calcium 

cyanamide 
2 kg Created 

1,4,5,3,1,na 

1.52 

  Carbon dioxide 1.98 kg 

Carbon dioxide, liquid {RoW}| 

production | APOS, U 

Ecoinvent 3 

1,4,5,3,1,na 

1.52 

  
Phosphoric 

acid 
0.129 kg 

Phosphoric acid, industrial grade, 85% 

in H2O, at plant/US- US-EI U 

US-EI 

1,4,5,3,1,na 

1.52 

  Electricity  4.93 kWh 
Electricity mix 2018/US U  

US-EI 

4,4,1,1,1,na 

1.24 

       

Calcium cyanamide  

(for 80.102 kg) 
Input Urea 83.027 kg 

Urea, as N, at regional storehouse/US- 

US-EI U 

US-EI 

1,4,5,1,1,na 

1.52 

  Quicklime 56.077 kg 
Quicklime, at plant NREL/US U 

US-EI 

1,4,5,1,1,na 

1.52 

  Nitrogen 48.24 kg 
Nitrogen, liquid, at plant/US- US-EI U 

US-EI 

4,4,5,1,1,na 

1.58 
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Table B.18. Absolute values of environmental impacts for disinfecting 1 m3 of drinking water by UV light 

with a dose of 186 mJ/cm2 (CTU: Comparative Toxic Unit, h: for humans, e: for ecosystems, eq: equivalents). 

Impact category Unit UV disinfection 

Ozone Depletion kg CFC-11 eq 6.01E-08 

Global Warming kg CO2 eq 1.01E+00 

Smog kg O3 eq 5.71E-02 

Acidification kg SO2 eq 4.89E-03 

Eutrophication kg N eq 2.62E-03 

Carcinogenics CTUh 5.51E-07 

Non Carcinogenics CTUh 4.23E-05 

Respiratory Effects kg PM2.5 eq 2.00E-03 

Ecotoxicity CTUe 1.51E+01 

Fossil Fuel Depletion MJ surplus 1.32E+00 
 

 

 

Table B.19. Absolute values of environmental impacts for producing 1 g of g-C3N4 nanosheets including 

electricity as the only input (CTU: Comparative Toxic Unit, h: for humans, e: for ecosystems, eq: 

equivalents). 

Impact category Unit Supramolecular Thermal etching 

Ozone Depletion kg CFC-11 eq 4.20E-07 9.44E-08 

Global Warming kg CO2 eq 1.04E+01 2.33E+00 

Smog kg O3 eq 3.85E-01 8.66E-02 

Acidification kg SO2 eq 4.34E-02 9.76E-03 

Eutrophication kg N eq 2.27E-02 5.10E-03 

Carcinogenics CTUh 3.81E-07 8.57E-08 

Non Carcinogenics CTUh 1.33E-06 2.99E-07 

Respiratory Effects kg PM2.5 eq 2.67E-03 6.01E-04 

Ecotoxicity CTUe 3.02E+01 6.78E+00 

Fossil Fuel Depletion MJ surplus 1.19E+01 2.68E+00 
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Table B.20. Absolute values of environmental impacts for producing 1 g of g-C3N4 nanosheets when reducing 

or removing the synthesis associated electricity (CTU: Comparative Toxic Unit, h: for humans, e: for 

ecosystems, eq: equivalents). 

Impact category Unit 

Supramolecular  

(reducing electricity to 

0.93 kWh) 

Thermal 

etching 

(zero electricity) 

Ozone Depletion kg CFC-11 eq 4.04E-08 4.83E-08 

Global Warming kg CO2 eq 1.01E+00 1.19E+00 

Smog kg O3 eq 1.04E-01 4.41E-02 

Acidification kg SO2 eq 6.05E-03 5.53E-03 

Eutrophication kg N eq 2.33E-03 2.63E-03 

Carcinogenics CTUh 3.66E-08 4.36E-08 

Non Carcinogenics CTUh 1.29E-07 1.53E-07 

Respiratory Effects kg PM2.5 eq 3.29E-04 3.28E-04 

Ecotoxicity CTUe 2.94E+00 3.46E+00 

Fossil Fuel Depletion MJ surplus 1.48E+00 1.37E+00 
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Appendix C Additional Published Work 

Evaluation of Phi6 Persistence and Suitability as an Enveloped Virus Surrogate 

Reprinted (adapted) with permission from: 

Aquino de Carvalho, N.; Stachler, E. N.; Cimabue, N.; Bibby, K. Environmental Science & 

Technology, 2017, 51, 15, 8692–8700. DOI: 10.1021/acs.est.7b01296 

Copyright 2017 American Chemical Society 

Recent outbreaks involving enveloped viruses, such as Ebola virus, have raised questions 

regarding the persistence of enveloped viruses in the water environment. Efforts have been made 

to find appropriate enveloped virus surrogates due to challenges investigating enveloped viruses 

that require biosafety-level 3 or 4 handling. In this study, the enveloped bacteriophage Phi6 was 

evaluated as a surrogate for enveloped waterborne viruses. The persistence of Phi6 was tested in 

representative aqueous conditions chosen based on previously published viral persistence studies. 

Our results demonstrated that the predicted T90 (time for 90% inactivation) of Phi6 under the 

evaluated conditions varied from 24 minutes to 117 days depending on temperature, biological 

activity, and aqueous media composition. Phi6 T90 was compared with the T90 of other enveloped 

viruses reported in the literature. The apparent suitability of Phi6 as an enveloped virus surrogate 

was dependent on the temperature and composition of the media tested. Phi6 was not a universally 

conservative enveloped virus surrogate – 33% of evaluated virus-condition combinations had T90 

values greater than the 95% confidence interval for Phi6. Ultimately, these results highlight the 

variability of enveloped virus persistence in the environment and the value of working with the 

virus of interest for environmental persistence studies. 

https://doi.org/10.1021/acs.est.7b01296
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C.1 Introduction 

Recent disease outbreaks of enveloped viruses, such as Ebola virus,213 Coronaviruses (e.g. 

MERS and SARS),214-216 Hantavirus,217 and Lassa virus,218 have raised questions regarding the 

appropriate management of infectious patient waste, including wastewater, and the persistence of 

these viruses in the water environment.219 Multiple enveloped viruses require biosafety level (BSL) 

3 or 4 handling, such as Ebola virus, Marburg virus, Hantavirus, Lassa virus, and SARS and MERS 

Coronaviruses.220 It is challenging to perform environmental persistence studies with these 

pathogens because access to BSL3 and BSL4 laboratories is expensive and limited. Historically it 

has been assumed that most enveloped viruses are rapidly inactivated in the environment;221,222 

however, recent studies have undermined this assumption. For example, infectious Ebola virus 

persisted in sterile wastewater for at least eight days.223 In addition, a recent review highlighted 

that the T90 (time for 90% virus inactivation) varied from hours to months for enveloped 

viruses.221 Consequently, it is desirable to work with agents that do not require access to BSL3 or 

BSL4 laboratories to conduct environmental persistence studies of these viruses. Subsequently, 

efforts have been made to find appropriate virus surrogates222,224-227 – viruses that mimic the 

behavior of the pathogen of concern but are available at lower biosafety levels.  

Bacteriophage Phi6 is a candidate surrogate for enveloped viruses. Phi6 is a member of the 

family Cystoviridae, which are unique among bacteriophages to have a lipid envelope.228 This 

bacteriophage has a double-stranded RNA genome of 13.4 kbp,229 a diameter of 75 nm230, a 

nucleoprotein capsid of 60 nm in diameter230,231, and 10 major coat proteins.231,232 Phi6 has been 

widely used as an enveloped virus surrogate222,224,226,227,233-235 and offers many advantages as a 

potential surrogate. First, both Phi6 and its host, Pseudomonas syringae,236 are nonpathogenic to 
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humans and require minimal containment (BSL 1).237,238 Second, its envelope makes it a 

potentially suitable model for studies of mammalian enveloped viruses due to physiological 

similarity.239 Third, Phi6 and its host are easily cultivated in the laboratory, the analysis time is 

relatively rapid, and the assays are cost-effective.224 Other bacteriophage members of the 

Cystoviridae family are also enveloped and share similar characteristics,236,240,241 ; however, Phi6 

was the first to be isolated228 and is the best characterized,242-244 which is why it has historically 

been chosen as an enveloped virus surrogate.  

Despite the aforementioned advantages as an enveloped viral surrogate, the suitability of 

Phi6 for this application has yet to be formally evaluated. The appropriate surrogate choice should 

have a similar inactivation profile to the virus of comparison. The inactivation behavior for 

persistence studies is commonly represented by the time necessary for 90% reduction of the virus 

titer (T90), which assumes linear inactivation. Consequently, the evaluation of the potential 

surrogate can be performed by comparing its T90 value with the one of the pathogen of concern.   

In this study, the bacteriophage Phi6 was evaluated as a surrogate for enveloped virus 

persistence in liquid. Application of Phi6 to study enveloped virus transport or persistence on 

surfaces was not considered. The persistence of Phi6 was evaluated in representative aqueous 

conditions chosen based on previously published studies. Additionally, a regression model for the 

effect of temperature on the persistence of Phi6 in DI water was developed. Finally, to assess the 

suitability of Phi6 as a surrogate for enveloped viruses, we performed a meta-analysis to compare 

the persistence of Phi6 with other enveloped viruses reported in the literature. 
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C.2  Materials and Methods 

C.2.1 Phi6 Stock Preparation and Quantification 

Bacteriophage Phi6 and its host Pseudomonas syringae (HB10Y) were kindly provided by 

Dr. Leonard Mindich (Public Health Research Institute Center, New Jersey Medical School - 

Rutgers, The State University of New Jersey). Pseudomonas syringae was propagated in 6 mL of 

Luria-Bertani (LB) Broth Lennox containing 5 g L-1 NaCl and incubated overnight at 25°C. Phi6 

bacteriophage was grown in Pseudomonas syringae by overlaying 35mL of LB agar (1.5% agar) 

with 6 mL of diluted soft agar (3 mL LB broth plus 3mL LB soft agar – 0.6% agar) containing 

1mL of an overnight culture of HB10Y and 105 PFU Phi6. The plate was incubated overnight at 

25°C. The top layer was harvested and purified by centrifuging at 14,000 rpm for 15 minutes at 

4°C. The supernatant Phi6 stock was enumerated and stored at -80°C. 

C.2.2 Media Preparation 

Experiments were conducted in cell culture media (Dulbecco’s modified Eagle’s medium, 

Sigma) and guinea pig sera (Sigma) as previously described by Piercy et al.245 DI water was 

produced by a Millipore Synergy® UV Water Purification System and stored at room temperature. 

Tap water was collected from the faucet in the Environmental Engineering laboratory at the 

University of Pittsburgh. The tap was run for 5 minutes to purge the system and samples were 

collected in sterile 50 mL Falcon tubes. The free chlorine of the tap water was measured using a 

Hach kit (DR900, program 80) and dechlorinated using a 46 g/L solution of sodium thiosulfate. 

The free chlorine was measured again after sodium thiosulfate addition to ensure dechlorination 

of the tap water. River water samples were collected from the Allegheny River in Pittsburgh on 
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02/04/2016, sealed in sterile plastic bottles and transported on ice to the University of Pittsburgh. 

Two bottles were immediately stored at 4°C and two were autoclaved before storage at 4°C. 

Experiments began the same day, and remaining samples were stored at -80°C for future 

characterization. Both autoclaved and non-autoclaved samples were sent to Microbac Laboratories 

(Marietta, OH) overnight on ice for physical and chemical analysis (Table D.1). Wastewater 

influent was collected from an anonymous wastewater treatment plant in western Pennsylvania. 

Samples were collected in sterilized bottles and kept on ice while transported to the lab. Upon 

arrival to the lab, samples were frozen at -80C to minimize changes in the chemical composition. 

On the day of the experiment, a sample bottle was thawed and autoclaved for 15 minutes. The 

autoclaved sample was sent to Microbac Laboratories (Marietta, OH) for chemical analysis (Table 

D.1). 

C.2.3 Phi6 Persistence Experiments 

Phi6 stock was spiked into 20 mL samples of liquid media – cell culture media, guinea pig 

sera, deionized water (DI), dechlorinated tap water, autoclaved river water, river water, or 

autoclaved wastewater influent – to a final concentration of 106 – 107 PFU mL-1. Spiked samples 

were immediately mixed and separated into 30 individual aliquots, which were stored in the dark 

for persistence experiments: cell culture media at 4°C and room temperature (RT = 22°C ±1°C), 

guinea pig sera at 4°C and RT, autoclaved river water and river water at 23°C, autoclaved 

wastewater at RT, dechlorinated tap water at RT, and DI at 4°C, 25°C, 37°C, and 45°C. At each 

sampling time point, three aliquots were selected from the test condition and the concentration of 

infectious particles of Phi6 was determined using double agar overlay plaque assay. Dulbecco's 

Modified Eagle's medium (DMEM) was used for the dilution of samples for Phi6 quantification. 

Negative controls were DMEM without Phi6. Plates containing between 10 and 100 plaques were 
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counted after 24 hours incubation at 25°C. Phi6 concentration from sample and technical triplicates 

was expressed in PFU mL-1. 

C.2.4 Data Analysis 

Phi6 concentration at each time point was expressed as log10(Ct/C0) – where Ct is the virus 

concentration in PFU mL-1 at time t, and C0 is the mean virus concentration in PFU mL-1 at time 

zero. The theoretical lower detection limit for virus concentration in the experiment was 100 PFU 

mL-1. Undetected virus observations were assumed to have a concentration of 50 PFU mL-1 – half 

of the lower theoretical detection limit – for analysis. We ceased measuring Phi6 concentration 

when the total experiment duration was over or when the virus concentration values were under 

the detection limit for two consecutive sampling points. For the experiment performed at 45°C, 

we stopped sampling after two hours based upon preliminary experiments.  

Linear regression models for Phi6 inactivation were obtained using GraphPad Prism 

version 7.00 (La Jolla, CA), and used to calculate T90 values. GraphPad Prism was used to 

compare the slopes of different conditions by performing the extra-sum-of-squares F test. To 

assess data deviation from linearity, the Runs test was performed. Statistical comparison between 

T90 values was achieved using the 2-sample t-test with unequal variances from Minitab 17.3.1. 

The significance level was 95%, i.e. P values smaller than 0.05 were considered statistically 

significant.  

C.2.5 Literature Meta-Analysis  

A literature review was performed to obtain T90 values of enveloped viruses or regression 

models of enveloped virus persistence in aqueous media. The articles of interest were found by 
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searching the database Compendex using the terms “virus” AND “persistence” in “all fields”. 

Additionally, references from the papers selected were checked and articles with relevant 

information were included. When T90 values were not explicit by the authors, they were read from 

graphs or calculated from linear regression models. 

Published studies of viral persistence were performed in different pH, temperature, and 

salinity conditions; therefore, to enable comparison between viral persistence, we chose to include 

the values of viral persistence in a pH range of 6 – 9, and 0 ppt salinity, when specified. This pH 

range was chosen because most organisms present greatest stability at a near-neutral pH,246 and 

the salinity constraint was chosen to eliminate the effect of salinity in viral inactivation.247,248  

C.3  Results 

Phi6 Persistence 

The persistence of bacteriophage Phi6 was calculated from each experimental condition: 

cell culture media (4°C and RT), guinea pig sera (4°C and RT), river water (autoclaved and non-

autoclaved at 23°C), autoclaved untreated wastewater (RT), dechlorinated tap water (RT), and 

deionized water (4°C, 25°C, 37°C, 45°C) (Table C.1). 
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Table C.1.  Linear regression models for survival of bacteriophage Phi6 in liquid media at different 

conditions. 

Matrix 
Temperature 

(oC) 

T-90 (d) 

(95%CI) A 

Linear 

regression 

model B 

First order rate 

constant k (d-1) 

(95%CI) 

Autoclaved 

river water 
23 

7.1 (5.8 to 

9.3) 
Y = -0.140*X -0.140 (-0.173 to -0.108) 

Non-

autoclaved 

river water 

23 
3.1 (2.3 to 

4.7) 
Y = -0.322*X -0.322 (-0.430 to -0.213) 

Cell culture 

media 
RT 

8.4 (6.3 to 

12.4) 
Y = -0.119*X -0.119 (-0.158 to -0.081) 

Cell culture 

media 
4 

116.9 (20.1 to 

+infinity) 
Y = -0.009*X -0.009 (-0.050 to 0.033) 

Dechlorinated 

tap water 
RT 

3.1 (2.2 to 

5.3) 
Y = -0.321*X -0.321 (-0.453 to -0.189) 

Autoclaved 

wastewater 

influent 

RT 
2.5 (2.4 to 

2.7) 
Y = -0.398*X -0.398 (-0.419 to -0.377) 

Guinea pig 

sera 
RT 

5.3 (5.0 to 

5.6) 
Y = -0.189*X -0.189 (-0.201 to -0.178) 

Guinea pig 

sera 
4 

72.7 (46.5 to 

166.5) 
Y = -0.014*X -0.014 (-0.022 to 0.006) 

DI water 4 
66.1 (30.2 to 

+infinity) 
Y = -0.015*X -0.015 (-0.033 to 0.003) 

DI water 25 
1.6 (1.4 to 

1.8) 
Y = -0.634*X -0.634 (-0.711 to -0.557) 

DI water 37 
0.34 (0.32 to 

0.37) 
Y = -2.907*X -2.907 (-3.101 to -2.712) 

DI water 45 
0.017 (0.015 

to 0.021) 
Y = -57.52*X -57.52 (-67.26 to -47.79) 
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Phi6 inactivation followed first-order kinetics in all tested conditions – i.e., none of the 

linear regression models had a statistically significant deviation from linearity. Two alternative 

non-linear regression models were tested as a possible better fit for the persistence curves. When 

compared to the linear regression model, the one-phase exponential decay curve was the best fit 

for non-autoclaved river water, and the second order polynomial (quadratic) was the best fit for 

dechlorinated tap water, guinea pig sera at RT, and DI water at 4°C and 45°C (Table D.2). Non-

linear models have been previously reported for Phi6 inactivation in pasteurized sewage.227 

Published enveloped viruses persistence studies have reported T90 values calculated from linear 

regression models; therefore, we utilized linear regression models for all conditions as the linear 

regression models were statistically valid and enabled the comparison of T90 values obtained in 

this study with literature values. Viral persistence significantly decreased over time (P < 0.05), i.e. 

the slopes were significantly different from zero, for all conditions except for guinea pig sera at 

4°C (P = 0.5561) and DI water at 4°C (P = 0.0878). 

Inactivation of Phi6 was assessed for different liquid media under the same temperature 

conditions to evaluate the role of aqueous media composition on Phi6 persistence. Phi6 persistence 

in cell culture media and guinea pig sera was measured over a period of 46 days, and in DI water 

and autoclaved wastewater over a period of 28 days. There was a statistically significant effect of 

matrix composition on Phi6 persistence when the experiment was conducted at RT (Figure C.1.A, 

P < 0.0001), but it was not significant at 4°C (Figure C.1.B, P = 0.8905). In the experiment at RT, 

Phi6 inactivation was fastest in DI, followed by autoclaved wastewater, guinea pig sera, and cell 

culture media.  

Phi6 persistence in autoclaved and non-autoclaved river water was measured over 28 days 

at 23°C (Figure C.1.C) to investigate the role of microbiological activity on Phi6 inactivation. 
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Phi6 inactivation was significantly faster in non-autoclaved river water when compared to 

autoclaved river water (P < 0.0001).  

To assess the role of temperature on inactivation rate, Phi6 persistence was quantified in 

DI water at 4°C, 25°C, 37°C, and 45°C (Figure C.1.D). The effect of temperature on Phi6 

persistence was statistically significant (P < 0.0001), with Phi6 persistence decreasing with 

increasing temperature. At 45°C, Phi6 abundance decreased to below the limit of detection within 

2 hours. The temperature effect was also observed in other matrices considered: the inactivation 

kinetics of Phi6 were significantly faster in guinea pig sera (P < 0.0001) and cell culture media (P 

= 0.0003) at RT when compared to 4°C. 

The effect of temperature on viral inactivation has previously been reported in the 

literature.222,225,227,245,247-256 We subsequently developed a temperature model for Phi6 persistence 

in DI water (Figure C.2). DI water was chosen to avoid the interference of biological activity and 

media composition. The relationship between log10(T90), where T90 is in days, and temperature 

(°C), followed the linear regression model log10(T90) = 2.23 – 0.082*temperature (R2 = 0.97) 

(Figure C.2).  

Figure C.3 is a compilation of T90 values obtained from the Phi6 persistence studies and 

T90 values of enveloped viruses from the literature. Overall, the persistence of enveloped viruses 

varies widely for comparable conditions, and is highly dependent upon virus type, aqueous matrix 

composition, and temperature. For our meta-analysis, we considered room temperature to be from 

20°C to 25°C. Based on our temperature model for Phi6 persistence in DI water, the difference in 

T90 values between temperatures of 20°C and 25°C would be 2.4 days. 
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A T-90 value: Time required for 90% reduction in virus infectivity. 

B Y = log10(C/Co); X = persistence in days. 

Figure C.1. Experimentally determined Phi6 persistence and linear regression models of the bacteriophage 

Phi6 in liquid media under different conditions. A) Phi6 inactivation at room temperature (RT) in different 

matrices. The reduction of virus concentration was significantly different for the matrices considered (P < 

0.0001). B) Phi6 inactivation at 4°C in different matrices. The reduction of virus concentration was not 

significantly different for the matrices considered (P = 0.8905). Viral persistence did not significantly decrease 

over time in guinea pig sera (P = 0.0861) and DI water (P = 0.5732). C) Phi6 inactivation at 25°C in sterilized 

and non-sterilized river water. Virus persistence was reduced significantly faster in non-sterilized river water 

than in sterilized river water (P < 0.0001). D) Phi6 inactivation in DI water. Viral persistence decreased with 

temperature increase (P < 0.0001). Both biological and technical triplicates were taken at each time point. 

Geometric symbols represent mean value of the log10 of the virus concentration at each sample time over the 

mean concentration at time zero. Error bars indicate 95% confidence intervals (n = 9). Error bars not evident 

on the figure are smaller than the geometric symbol. Grey line represents zero viral decay.  
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Figure C.2. Linear regression model for the change of Phi6 T90 value (days) with temperature variation. The 

relationship between log10(T90) and temperature was linear; therefore, increasing temperature causes time 

for 90% inactivation of the virus to decrease. Persistence studies were conducted in DI at four different 

temperatures (4°C, 25°C, 37°C, 45°C). Error bars indicate 95% confidence internals. Error bars not evident 

on the figure are smaller than the geometric symbol. The upper 95% CI of the log10 (T90) value at 4°C is 

large because viral reduction was not significant over time and the upper 95% CI of the slope was positive. 

For this experiment, the linear regression model obtained was Y = 2.23 – 0.082*X, with R2 equals 0.97 and 

first order rate constant k (°C-1) (95%CI) equals -0.082 (-0.128 to -0.037). 

 

Comparing Phi6 T90 values from our study with T90 values of other enveloped viruses 

published in the literature, we found that Phi6 inactivation was more rapid, i.e. reported viral T90 

values were above the confidence interval for Phi6, than all other viruses in guinea pig sera at RT 

(2 viruses), and wastewater at RT (4 viruses). Conversely, all viruses considered in cell culture 

media at 4°C (7 viruses), DI at 4°C (28 viruses), dechlorinated tap water at RT (3 viruses), and 

guinea pig sera at 4°C (2 viruses) had mean T90 values under the upper bound of the 95% CI for 

Phi6.  The percentages of the viruses with greater persistence than Phi6 were 67% (6/9) for natural 
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waters at RT, 11% (2/18) for cell culture media at RT, 84% (16/19) for DI at RT, and 50% (2/4) 

for sterilized wastewater at RT. 

In order to expand our evaluation of Phi6 suitability as a surrogate for enveloped viruses, 

we compared Phi6 T90 values obtained in the literature with T90 values of other enveloped viruses 

from previously published studies. As our study and one prior published study overlapped in a 

single evaluated condition (sterilized wastewater at RT), we used a 2-sample t-test with unequal 

variances to compare our Phi6 T90 value with that reported by Ye et al. (2016).222  The verification 

of variance inequality was performed with the F-test (P < 0.001), and the two T90 values were not 

statistically significantly different (P = 0.256). The percentages of the viruses investigated that 

were more persistent than reported Phi6 T90 values from other studies were 33% (22/67) for DI at 

17°C, 33% (21/63) for DI at 27-28°C, 100% (1/1) in wastewater at 10°C, and 0% (0/1) for 

sterilized wastewater at 10°C.  

Accounting for all enveloped viruses obtained from the meta-analysis, 33% (76/228) had 

mean T90 values higher than the upper limit of the confidence interval of Phi6. Considering viruses 

that had data available for at least three conditions, only strains of influenza virus (H2N4, H5N7, 

H9N2, H11N6, and H12N5) never had a T90 value higher than the upper limit of the confidence 

interval of Phi6.  
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Figure C.3. T90 (days) of Phi6 obtained on this current study and of various enveloped viruses reported in the 

literature. 222-225,245,247,248,250-273 Details of persistence studies obtained from literature review are shown in 

Table D.3. Error bars on “Phi6 current study” indicate 95% CI, and on “Phi6 literature” indicate standard 

deviation. RT = room temperature (20°C – 25°C); NW = natural water; ARW = autoclaved river water; 

CCM = cell culture media; DI = deionized water; DTW = dechlorinated tap water; GPS = guinea pig sera; 
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SWW = sterilized wastewater; WW = wastewater. NDV = Newcastle disease virus; FIPV = Feline infectious 

peritonitis virus; CCHFV = Crimean-Congo hemorrhagic fever virus; SFSV = Sandfly fever Sicilian virus; 

TGEV = Transmissible gastroenteritis virus; IHNV = Infectious haematopoietic necrosis virus; ADV = 

Aujeszky's disease virus; CSFV = Classical swine fever virus; BVBD = Bovine viral diarrhea virus; BPIV-3 = 

Bovine parainfluenza virus type 3. HIV T90 (1 hour) in DTW was excluded from the graph. 

C.4  Discussion 

We assessed Phi6 persistence under representative aqueous conditions selected from the 

literature and analyzed the suitability of Phi6 as a surrogate for enveloped virus persistence. We 

found that Phi6 inactivation was significantly affected by temperature, biological activity, and 

liquid media composition, consistent with previous reports for enveloped viruses. In addition, we 

found that enveloped virus persistence varies widely and the apparent suitability of Phi6 as a 

surrogate is dependent upon the evaluated condition.  

C.4.1 Environmental Factors Affecting Virus Inactivation 

Our results demonstrated that temperature, biological activity, and matrix composition 

have a significant effect on the persistence of Phi6. These trends are consistent with those 

previously observed for other enveloped viruses.222,225,245,247-253,255,256,259,260,263,264,267,272,274 

Moreover, our meta-analysis highlights that virus persistence in water also varies between viral 

strains.221,252,254  

In the present study, Phi6 inactivation in all evaluated conditions followed first-order 

kinetics, consistent with previous findings.222 In five cases, the best-fit regression model for Phi6 

persistence was found to be a one-phase exponential decay or second order polynomial. This 
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inactivation behavior suggests that a subpopulation of viruses may persist longer than predicted 

by a linear decay model. An apparent decrease in the Phi6 inactivation rate was also observed in 

sewage in a previously published study.227 The mechanism that promotes such virus resistance 

behavior is not yet understood; however, attempts to model apparent biphasic pathogen decay are 

ongoing.275 It is critical to elucidate the mechanisms of enhanced persistence and to further 

consider viral subpopulations with potentially enhanced persistence in future studies evaluating 

viral persistence and disinfection. 

The role of temperature in viral persistence as observed in this study has been widely 

reported. Decreasing persistence with increasing temperature is attributed to the denaturation of 

proteins and nucleic acids, and the increased activity of extracellular enzymes.246,255 

The effect of matrix composition on viral persistence may be due to multiple factors. 

Organic content can protect microorganisms from disinfection processes276 and can be used as a 

nutrient supply by active microorganisms, possibly supporting the growth of microbial 

predators.246 In addition, ammonia inactivates viruses by genome degradation, and RNA viruses 

have been shown to be more sensitive to inactivation by ammonia than DNA viruses.277 

Aggregation or adsorption of viral particles to particles in liquid media has been previously 

suggested to play a role in rapid virus decrease, which would be only an apparent viral decrease 

and not true virus inactivation.223 Although we found a statistically significant difference (P < 

0.0001) between Phi6 inactivation in guinea pig sera and cell culture media, a previous study 

investigating Ebola virus and Marburg virus in the same experimental conditions found no 

significant difference in virus survival.245 This variation suggests that inactivation mechanisms 

related to the matrix composition are different between enveloped virus types. 
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The effect of biological activity on viral persistence has been previously studied, and is 

suggested to be due to microbial predation278 or cleavage of viral proteins by proteolytic bacterial 

enzymes.279 Biomacromolecules that result from microbial activity such as proteases, 

deoxyribonucleases (DNase), and ribonucleases (RNase) have been reported to have a virucidal 

effect.280 Proteases are proposed to inactivate virus by catalyzing the viral protein envelope 

(capsid), and DNase/RNase by disintegrating the nucleic acid core of DNA/RNA viruses.280 The 

specific mechanisms for inactivation of enveloped viruses due to biological activity are not well 

understood, and this is a necessary area of further investigation. This effect is associated with 

sterilization practices during laboratory experiments and is often necessary for subsequent viral 

culture. Sterilization was observed to enhance Phi6 persistence in liquid media for this and 

previous studies; however, previous work with murine hepatitis virus (MHV) demonstrated similar 

decay rates between pasteurized and non-pasteurized wastewater at 25°C,222 suggesting that this 

trend may not be universal. Based upon these observations, it is recommended that virus 

persistence studies are performed in non-sterilized media, when possible, or that authors note this 

likely enhanced persistence due to sterilization.  

C.4.2 Suitability of Phi6 as a Surrogate for Enveloped Viruses 

Consistent with a recent review,221 our meta-analysis suggests that enveloped virus 

persistence varies by orders of magnitude depending on the environmental conditions, and it may 

take hours to weeks for a one log10 decay of various enveloped viruses under relevant 

environmental conditions. This finding is contrary to the assumption that enveloped viruses are 

rapidly inactivated in the environment. The persistence of enveloped viruses in liquid may be of 

potential concern for secondary disease transmission, especially during wastewater handling in 
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outbreak response.219 This study highlights the continued importance of environmental persistence 

studies for emerging enveloped viruses.  

For Phi6 to be a desirable surrogate, the T90 value of Phi6 should be similar (within the 

95% CI) or higher than the T90 of the virus of interest. The apparent suitability of Phi6 as a 

surrogate was dependent on the evaluated condition. All evaluated viruses with at least three 

available conditions had a T90 value above the 95% confidence interval for Phi6 under at least 

one condition, with the exception of some strains of influenza virus. Subsequently, Phi6 cannot be 

considered to be a universally conservative surrogate for enveloped viruses in aqueous media. 

These results also highlight inter-virus variability in persistence trends under different conditions. 

To overcome this limitation, it would be necessary to identify other enveloped viruses that could 

be used as surrogates, or to work with the actual pathogen of interest. Moreover, we indicated that 

Phi6 was an adequate surrogate when its inactivation was significantly slower than the virus of 

concern; however, this assumption may lead to overestimating virus survival and unnecessary 

public safety policies. If surrogate work is necessary, it would be best to identify surrogates that 

mimic viral pathogen persistence as closely as possible, and to include multiple surrogates to 

capture the inherent variability of environmental viral persistence. 

C.4.3 Study Limitations  

This study had three main limitations. First, our analysis of Phi6 suitability as an enveloped 

virus surrogate was limited by published data. In addition, many studies do not report standard 

deviations, limiting our ability to statistically compare these values with observed Phi6 persistence. 

Second, in cases where T90 values or regression models for virus inactivation were not reported 

in the study, T90 values were estimated from graphs presented. Third, virus inactivation has been 
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shown to be affected by pH and salinity;247,248,281 however, these factors were not considered in 

the current study.  

C.4 .4 Implications  

While methods are being developed to estimate viral persistence a priori (e.g. censored 

regression modeling),282 the inherently high variability of viral persistence necessitates pathogen 

survival studies to predict exposure after virus release in the environment.221,246 Our study 

demonstrates that Phi6 is not a universal surrogate for enveloped viruses; therefore, it is 

recommended that multiple surrogates are considered to cover the wide range of virus persistence 

variability, and, when possible, the virus of interest itself should be used to determine viral 

persistence. Consequently, appropriate virus control and public health safety strategies can be 

developed for future cases of enveloped virus outbreaks.  
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Appendix D Supporting Information for Appendix C 

Content: Liquid media characterization (autoclaved wastewater, autoclaved and non-autoclaved 

river water); Non-linear regression models for survival of bacteriophage Phi6 in liquid media at 

different conditions; Detailed conditions and time for 90% reduction of enveloped viruses 

infectivity (T90) from persistence studies reported in the literature. 

Table D.1. Liquid media characterization. 

Analyte (mg/L) 
Autoclaved River 

Water 

Non-Autoclaved 

River Water 

Autoclaved 

Wastewater 

Chemical Oxygen 

Demand 
ND 18.8 125 

Nitrogen, Ammonia 0.306 0.197 21.5 

Nitrate (as N) 0.705 0.758 0.186 

Phosphorus, Total ND ND 4.27 

Nitrogen, Total 

Kjeldahl 
ND ND 14.1 

Total Organic Carbon 2.69 2.64 38.9 

Total Suspended 

Solids 
3.50 4.00 95.5 

Turbidity* 3.03 3.87 5.52 

Volatile Suspended 

Solids 
3.50 3.50 153 

pH** 7.47 7.43 NM 

*Measurement unit is NTU. **Dimensionless. ND = not detected at or above adjusted sample detection limit. NM = 

not measured. 
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Table D.2. Non-linear regression models for survival of bacteriophage Phi6 in liquid media at different conditions. 

Matrix 
Temp. 

(oC) 

T-90 (d) 

(95%CI) 

Best-fit non-

linear regression 

model 

R² 
K (d-1) 

(95%CI) 

Plateau 

(95%CI) 
B1(95%CI) B2(95%CI) 

Non-autoclaved 

river water 
23 

1.1 (0.8 to 

1.5) 

One-phase 

exponential decay 
0.97 

0.182 (0.102 

to 0.296) 

-5.575 (-7.004 

to -4.619) 
  

Dechlorinated 

tap water 
RT 

2.8 (1.7 to 

7.7) 

Second order 

polynomial 
0.99   

0.038 (-0.195 

to 0.272) 

-0.140 (-0.229 

to -0.052) 

Guinea pig sera RT 
5.7 (5.2 to 

6.3 

Second order 

polynomial 
1   

-0.17 (-0.184 

to -0.156) 

-0.0007 (-

0.0013 to -

0.0002) 

Deionized water 4 
Inf (9.8 to 

∞) 

Second order 

polynomial 
0.81   

-0.0916 (-

0.1219 to -

0.06133) 

0.003 (0.002 to 

0.005) 

Deionized water 45 

0.024 

(0.0195 to 

0.032) 

Second order 

polynomial 
1   

-33.28 (-

42.47 to -

24.09) 

-319.7 (-439.9 

to -199.6) 
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Table D.3. Detailed conditions and time for 90% reduction of enveloped viruses infectivity (T90) from 

persistence studies reported in the literature. 

Enveloped 

Virus 

T90 

(days) 

Temp 

(°C) 
pH Matrix Strain Note Ref 

Ebola virus 13 4  Cell culture 

medium 
E718 

From 

graph 
245

 

Crimean-Congo 

hemorrhagic 

fever virus 

(CCHFV) 

5 4  Cell-free 

medium 
IbAr 10200 

From 

graph 
250

 

Sandfly fever 

Sicilian virus 

(SFSV) 

70 4  Cell-free 

medium 
Sabin 

From 

graph 
250

 

Hantaan virus  18 4  Cell-free 

medium 
76-118 

From 

graph 
250

 

Puumala virus  34.7 4  Cell culture 

medium 
Sotkamo  262,270 

Tula virus 15.7 4  Cell culture 

medium 
Moravia  262,270 

Marburgvirus 

(MARV) 
33 4  Cell culture 

medium 
Popp 

From 

graph 
245

 

Transmissible 

gastroenteritis 

virus (TGEV) 

110 4 6 
Reagent-

grade water 
  225

 

Avian influenza 

virus H1N1 
179 4 6.5 

Distilled 

water 

A/Paris/2590/2

009 
0 salinity 260

 

Avian influenza 

virus H1N1 
152 4 6.5 

Distilled 

water 

A/NewCaledon

ia/20/99 
0 salinity 260

 

Avian influenza 

Virus H1N1 
77.7 4 7.2 

Distilled 

water 

A/green-

winged 

teal/Louisiana/

213GW/1987 

0 salinity 247
 

Avian influenza 

virus H2N4 
176.2 4 7.2 

Distilled 

water 

A/blue-winged 

teal/Texas/421

717/2001 

0 salinity 247
 

Avian influenza 

virus H3N2 
94.6 4 7.2 

Distilled 

water 

A/mallard/Min

nesota/199036/

1999 

0 salinity 247
 

Avian influenza 

virus H3N8 
245 4 7.2 

Distilled 

water 

A/Mallard/MN

/Sg-

00169/2007 

 253
 

Avian influenza 

virus H3N8 
211 4 7.2 

Distilled 

water 

A/Surface 

water/Minneso

ta/W07-

2241/2007 

 264
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Table D.3 (continued) 

Avian influenza 

virus H4N6 
270 4 7.2 

Distilled 

water 
  264

 

Avian influenza 

virus H4N6 
71 4 7.2 

Distilled 

water 

A/mallard/Min

nesota/199057/

1999 

0 salinity 247
 

Avian influenza 

virus H4N8 
323 4 7.2 

Distilled 

water 

A/Mallard/MN

/Sg-

00219/2007 

 253
 

Avian influenza 

virus H5N1 
59 4  Distilled 

water 

A/Mute 

swan/305/06 
 251

 

Avian influenza 

virus H5N2 
31.6 4 7.2 

Distilled 

water 

A/Mallard/Min

nesota/346250/

2000 

0 salinity 247
 

Avian influenza 

virus H5N3 
192 4  Distilled 

water 

A/Mallard/MN

/355790/2000 
 271

 

Avian influenza 

virus H5N7 
256 4  Distilled 

water 

A/Ruddy 

Turnstone/NJ/8

28219/2001 

 271
 

Avian influenza 

virus H6N1 
346 4 7.2 

Distilled 

water 

A/Mallard/MN

/Sg-

00170/2007 

 253
 

Avian influenza 

virus H6N2 
274 4 7.2 

Distilled 

water 

A/Mallard/MN

/Sg-

00107/2007 

 253
 

Avian influenza 

virus H6N4 
57.5 4 7.2 

Distilled 

water 

A/ring-billed 

gull/Georgia/4

21733/2001 

0 salinity 247
 

Avian influenza 

virus H6N8 
309 4 7.2 

Distilled 

water 

A/Green-

winged 

teal/MN/Sg-

00197/2007 

 253
 

Avian influenza 

virus H7N3 
178 4  Distilled 

water 

A/Mallard/MN

/182761/1998 
 271

 

Avian influenza 

virus H7N3 
222 4  Distilled 

water 

A/Laughing 

Gull/NY/A100

-2455/2001 

 271
 

Avian influenza 

virus H7N6 
104.5 4 7.2 

Distilled 

water 

A/Northern 

shoveler/North 

Carolina/15235

46/2005 

0 salinity 247
 

Avian influenza 

virus H8N4 
92.4 4 7.2 

Distilled 

water 

A/Northern 

pintail/Texas/4

21716/2001 

0 salinity 247
 

 



173 

Table D.3 (continued) 

Avian influenza 

virus H9N2 
54.7 4 7.2 

Distilled 

water 

A/ruddy 

turnstone/New 

Jersey/101640

9/2009 

0 salinity 247
 

Avian influenza 

virus H10N7 
26.8 4 7.2 

Distilled 

water 

A/red 

knot/Delaware/

AI00-

1329/2000 

0 salinity 247
 

Avian influenza 

virus H10N7 
250 4 7.3 

Distilled 

water 

A/Green-

Winged 

Teal/LA/169G

W/88 

 272
 

Avian influenza 

virus H11N6 
18 4 7.2 

Distilled 

water 

A/dunlin/Dela

ware/AI00-

1459/2000 

0 salinity 247
 

Avian influenza 

virus H12N5 
69.8 4 7.2 

Distilled 

water 

A/mallard/Min

nesota/355788/

2000 

0 salinity 247
 

Marburgvirus  26 4  Guinea pig 

sera 
Popp 

From 

graph 
245

 

Ebola virus 13 4  Guinea pig 

sera 
E718 

From 

graph 
245

 

        

Murine hepatitis 

virus  
6.2 10  Pasteurized 

wastewater 
A59  222

 

Phi6 6.1 10  Pasteurized 

wastewater 
  222

 

Murine hepatitis 

virus  
1.5 10 

7.6

3 
Wastewater A59  222

 

Phi6 1.2 10 
7.6

3 
Wastewater   222

 

        

Phi6 53 17 7.4 
Distilled 

water 
 0 salinity 224

 

Phi8 27 17 7.4 
Distilled 

water 
 0 salinity 224

 

Avian influenza 

Virus H1N1 
55.3 17 7.4 

Distilled 

water 

A/green-

winged 

teal/Louisiana/

213GW/1987 

0 salinity 247
 

Avian influenza 

Virus H1N1 
51.8 17 7.2 

Distilled 

water 

A/green-

winged 

teal/Louisiana/

213GW/1987 

0 salinity 247
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Table D.3 (continued) 

Avian influenza 

virus H2N4 
32.5 17 7.4 

Distilled 

water 

A/blue-winged 

teal/Texas/421

717/2001 

0 salinity 247
 

Avian influenza 

virus H3N2 
34.2 17 7.4 

Distilled 

water 

A/mallard/Min

nesota/199036/

1999 

0 salinity 247
 

Avian influenza 

virus H3N8 
83 17 7.2 

Distilled 

water 

A/Mallard/MN

/Sg-

00169/2007 

 253
 

Avian influenza 

virus H3N8 
79 17 7.2 

Distilled 

water 

A/Surface 

water/Minneso

ta/W07-

2241/2007 

 264
 

Avian influenza 

virus H3N8 
13 17 6.2 

Distilled 

water 

A/Surface 

water/Minneso

ta/W07-

2241/2007 

 264
 

Avian influenza 

virus H3N8 
22 17 8.2 

Distilled 

water 

A/Surface 

water/Minneso

ta/W07-

2241/2007 

 264
 

Avian influenza 

virus H3N8 
32.3 17 7.3 

Distilled 

water 

A/Gadwall/LA

/17G/87 
 272

 

Avian influenza 

virus H3N8 
65.9 17 7.2 

Distilled 

water 

A/Mallard/Min

nesota/Sg-

00051/2007 

 263
 

Avian influenza 

virus H3N8 
73.7 17 7.2 

Distilled 

water 

A/Mallard/Min

nesota/Sg-

00048/2007 

 263
 

Avian influenza 

virus H3N8 
78.8 17 7.2 

Distilled 

water 

A/Mallard/Min

nesota/199106/

1999 

 263
 

Avian influenza 

virus H3N8 
59.1 17 7.2 

Distilled 

water 

A/Mallard/Min

nesota/Sg-

00169/2007 

 263
 

Avian influenza 

virus H4N6 
75.6 17 7.2 

Distilled 

water 

A/Mallard/Min

nesota/Sg-

00050/2007 

 263
 

Avian influenza 

virus H4N6 
69.2 17 7.2 

Distilled 

water 

A/Mallard/Min

nesota/Sg-

00053/2007 

 263
 

Avian influenza 

virus H4N6 
66.6 17 7.2 

Distilled 

water 

A/Mallard/Min

nesota/199044/

1999 

 263
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Table D.3 (continued) 

Avian influenza 

virus H4N6 
46.2 17 7.2 

Distilled 

water 

A/Mallard/Min

nesota/Sg-

00063/2007 

 263
 

Avian influenza 

virus H4N6 
47.6 17 7.8 

Distilled 

water 

A/mallard/Min

nesota/199057/

1999 

0 salinity 247
 

Avian influenza 

virus H4N6 
102 17 7.2 

Distilled 

water 

A/Surface 

water/Minneso

ta/NW1-

T/2006 

 264
 

Avian influenza 

virus H4N6 
9 17 6.2 

Distilled 

water 

A/Surface 

water/Minneso

ta/NW1-

T/2006 

 264
 

Avian influenza 

virus H4N6 
18 17 8.2 

Distilled 

water 

A/Surface 

water/Minneso

ta/NW1-

T/2006 

 264
 

Avian influenza 

virus H4N6 
35.7 17 7.3 

Distilled 

water 

A/Blue-

Winged 

Teal/LA/44B/8

7 

 272
 

Avian influenza 

virus H4N8 
109 17 7.2 

Distilled 

water 

A/Mallard/MN

/Sg-

00219/2007 

 253
 

Avian influenza 

virus H5N1 
26 17 7.4 

Distilled 

water 

A/Whooper 

Swan/Mongoli

a/244/05 

0 salinity 252
 

Avian influenza 

virus H5N1 
16 17 7.4 

Distilled 

water 

A/Duck 

Meat/Anyang/

01 

0 salinity 252
 

Avian influenza 

virus H5N1 
16 17 7.4 

Distilled 

water 

A/Duck 

Meat/Anyang/

AVL-1/01 

0 salinity 224
 

Avian influenza 

virus H5N1 
26 17 7.4 

Distilled 

water 

A/Whooper 

Swan/Mongoli

a/244/05 

0 salinity 224
 

Avian influenza 

virus H5N1 
29 17 7.2 

Distilled 

water 

A/chicken/Hon

g 

Kong/220/199

7 

0 salinity 254
 

Avian influenza 

virus H5N1 
42 17 7.2 

Distilled 

water 

A/chicken/Kor

ea/ES/2003 
0 salinity 254
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Table D.3 (continued) 

Avian influenza 

virus H5N1 
27 17 7.2 

Distilled 

water 

A/chicken/Nig

eria/-228-

10/2006 

0 salinity 254
 

Avian influenza 

virus H5N1 
22 17 7.2 

Distilled 

water 

A/duck/Bac 

Lieu/NCVD 

07-09/2007 

0 salinity 254
 

Avian influenza 

virus H5N1 
43 17 7.2 

Distilled 

water 

A/duck/Vietna

m/201/2006 
0 salinity 254

 

Avian influenza 

virus H5N1 
44 17 7.2 

Distilled 

water 

A/environment

/Hong 

Kong/485.3/20

00 

0 salinity 254
 

Avian influenza 

virus H5N1 
69 17 7.2 

Distilled 

water 

A/goose/Vietn

am/113/2001 
0 salinity 254

 

Avian influenza 

virus H5N1 
66 17 7.2 

Distilled 

water 

A/Vietnam/120

3/2004 
0 salinity 254

 

Avian influenza 

virus H5N1 
33 17 7.2 

Distilled 

water 

A/West 

Java//PWT-

WIJ/2006 

0 salinity 254
 

Avian influenza 

virus H5N1 
46 17 7.2 

Distilled 

water 

A/muscovy/Ha 

Nam/NCVD 

07-84/2007 

0 salinity 254
 

Avian influenza 

virus H5N1 
75 17 7.2 

Distilled 

water 

A/egret/Hong 

Kong/757.2/20

02 

0 salinity 254
 

Avian influenza 

virus H5N2 
41.5 17 8.2 

Distilled 

water 

A/mallard/Min

nesota/346250/

2000 

0 salinity 247
 

Avian influenza 

virus H5N2 
71 17 7.4 

Distilled 

water 

A/Mallard/MN

/182742/98 
0 salinity 252

 

Avian influenza 

virus H5N3 
53 17 7.4 

Distilled 

water 

A/Mallard/MN

/355790/00 
0 salinity 252

 

Avian influenza 

virus H5N7 
38 17 7.4 

Distilled 

water 

A/Ruddy 

Turnstone/NJ/8

28219/01 

0 salinity 252
 

Avian influenza 

virus H5N8 
48 17 7.4 

Distilled 

water 

A/Ruddy 

Turnstone/NJ/8

28227/01 

0 salinity 252
 

Avian influenza 

virus H6N1 
80 17 7.2 

Distilled 

water 

A/Mallard/MN

/Sg-

00170/2007 

 253
 

Avian influenza 

virus H6N2 
61 17 7.2 

Distilled 

water 

A/Mallard/MN

/Sg-

00107/2007 

 253
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Table D.3 (continued) 

Avian influenza 

virus H6N2 
4 17 6.2 

Distilled 

water 

A/mottled 

duck/LA/38M/

87 

0 salinity 248
 

Avian influenza 

virus H6N2 
9 17 7.2 

Distilled 

water 

A/mottled 

duck/LA/38M/

87 

0 salinity 248
 

Avian influenza 

virus H6N2 
17 17 8.2 

Distilled 

water 

A/mottled 

duck/LA/38M/

87 

0 salinity 248
 

Avian influenza 

virus H6N2 
35.7 17 7.3 

Distilled 

water 

A/Mottled 

Duck/LA/38M/

87 

 272
 

Avian influenza 

virus H6N4 
32.7 17 8.2 

Distilled 

water 

A/ring-billed 

gull/Georgia/4

21733/2001 

0 salinity 247
 

Avian influenza 

virus H6N8 
72 17 7.2 

Distilled 

water 

A/Green-

winged 

teal/MN/Sg-

00197/2007 

 253
 

Avian influenza 

virus H7N3 
36 17 7.4 

Distilled 

water 

A/Mallard/MN

/182761/98 
0 salinity 252

 

Avian influenza 

virus H7N3 
32 17 7.4 

Distilled 

water 

A/Ruddy 

Turnstone/DE/

650635/02 

0 salinity 252
 

Avian influenza 

virus H7N3 
111 17 7.4 

Distilled 

water 

A/Laughing 

Gull/DE/AI00-

2455/00 

0 salinity 252
 

Avian influenza 

Virus H7N4 
29 17 7.4 

Distilled 

water 

A/Blue-winged 

Teal/TX/57857

9/02 

0 salinity 252
 

Avian influenza 

virus H7N6 
78.8 17 7.2 

Distilled 

water 

A/Northern 

shoveler/North 

Carolina/15235

46/2005 

0 salinity 247
 

Avian influenza 

virus H7N6 
74.7 17 7.4 

Distilled 

water 

A/Northern 

shoveler/North 

Carolina/15235

46/2005 

0 salinity 247
 

Avian influenza 

virus H8N4 
36.4 17 7.4 

Distilled 

water 

A/Northern 

pintail/Texas/4

21716/2001 

0 salinity 247
 

Avian influenza 

virus H8N4 
68.6 17 7.2 

Distilled 

water 

A/Northern 

Pintail/TX/421

716/01 

 263
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Table D.3 (continued) 

Avian influenza 

virus H9N2 
30.4 17 7.2 

Distilled 

water 

A/ruddy 

turnstone/New 

Jersey/101640

9/2009 

0 salinity 247
 

Avian influenza 

virus H9N2 
30.8 17 7.0 

Distilled 

water 

A/ruddy 

turnstone/New 

Jersey/101640

9/2009 

0 salinity 247
 

Avian influenza 

virus H10N7 
24.4 17 7.3 

Distilled 

water 

A/Green-

Winged 

Teal/LA/169G

W/88 

 272
 

Avian influenza 

virus H10N7 
19.9 17 7.4 

Distilled 

water 

A/red 

knot/Delaware/

AI00-

1329/2000 

0 salinity 247
 

Avian influenza 

virus H11N6 
12.3 17 8.2 

Distilled 

water 

A/dunlin/Dela

ware/AI00-

1459/2000 

0 salinity 247
 

Avian influenza 

virus H12N5 
20.8 17 7.3 

Distilled 

water 

A/Blue-

Winged 

Teal/188B/87 

 272
 

Avian influenza 

virus H12N5 
30.7 17 7.4 

Distilled 

water 

A/mallard/Min

nesota/355788/

2000 

0 salinity 247
 

        

Avian influenza 

virus H1N1 
9 20 

7.8

4 
Lake water 

A/Puerto 

Rico/8/1934 

pH 

measured 

in the 

beginning 

of the trial 

266
 

Avian influenza 

virus H4N6 
7 20 

7.8

4 
Lake water 

A/Mallard/Wv

1732-34/03 

pH 

measured 

in the 

beginning 

of the trial 

266
 

Avian influenza 

virus H4N6 
4 20 

7.8

4 

Surface 

water 

A/mallard/Ger

many 

Wv1732-34/03 

pH 

relatively 

constant 

(might 

have 

fallen to 

7.44) 

267
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Table D.3 (continued) 

Avian influenza 

virus H5N1 
7 20 

7.8

4 
Lake water 

A/Teal/Wv/63

2/Germany/05 

pH 

measured 

in the 

beginning 

of the trial 

266
 

Avian influenza 

virus H5N1 
3 20 

7.8

4 

Surface 

water 

A/teal/German

y/Wv632/05 

pH 

relatively 

constant 

(might 

have 

fallen to 

7.44) 

267
 

Avian influenza 

virus H6N8 
12 20 

7.8

4 
Lake water 

A/Mute 

Swan/Germany

/R2927/07 

pH 

measured 

in the 

beginning 

of the trial 

266
 

Avian influenza 

virus H6N8 
3 20 

7.8

4 

Surface 

water 

A/mute 

swan/Germany

/R2927/07 

pH 

relatively 

constant 

(might 

have 

fallen to 

7.44) 

267
 

Newcastle 

disease virus 

(NDV) 

20 20 
7.8

4 
Lake water  

pH 

measured 

in the 

beginning 

of the trial 

266
 

Infectious 

Haematopoietic 

Necrosis Virus 

(IHNV) 

5 20 6.8 Freshwater Metolius strain 0 salinity 273
 

SARS 

Coronavirus 
6 21 - 25  

Serum-free 

culture 

medium 

 From 

graph 
269

 

Human 

Coronavirus  
0.6 21 - 25  

Serum-free 

culture 

medium 

229E 
From 

graph 
269

 

Crimean-Congo 

hemorrhagic 

fever virus 

(CCHFV) 

1 20  Cell-free 

medium 
IbAr 10200 

From 

graph 
250
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Table D.3 (continued) 

Sandfly fever 

Sicilian virus 

(SFSV) 

15 20  Cell-free 

medium 
Sabin 

From 

graph 
250

 

Hantaan virus  3 20  Cell-free 

medium 
76-118 

From 

graph 
250

 

Puumala virus  6.5 23  Cell culture 

medium 
Sotkamo  262,270 

Tula virus  0.3 23  Cell culture 

medium 
Moravia  262,270 

HIV 2 25  Cell culture 

medium 
IIIB  259

 

Marburgvirus  11 RT  Cell culture 

medium 
Popp 

From 

graph 
245

 

Ebola virus 6 RT  Cell culture 

medium 
E718 

From 

graph 
245

 

Aujeszky's 

Disease Virus 

(ADV) 

12 20  Cell culture 

medium 
DK 3275/81 

From 

graph 
257

 

Classical Swine 

Fever Virus 

(CSFV) 

10 20  
Cell culture 

medium 

(EMEM) 

Alfort 
From 

graph 
258

 

Bovine Viral 

Diarrhea Virus 

(BVDV) 

16 20  
Cell culture 

medium 

(EMEM) 

UG 59 
From 

graph 
258

 

Swine Influenza 

Virus H1N1 
5 20  

Cell culture 

medium 

(EMEM) 

4744 
From 

graph 
258

 

HIV 
0.25 - 

0.5 
25 

5.0 

- 

7.5 

Sterile 

water 

(Gibco 

BRL) 

IIIB  259
 

Avian Influenza 

Virus H7N1 
0.88 25 7.6 

Cell culture 

medium 

A/turkey/Italy/

1387/00 
 261

 

Avian Influenza 

Virus H5N3 
7.13 25 7.6 

Cell culture 

medium 

A/mallard/Swe

den/1174/05 
 261

 

Bovine 

Parainfluenza 

Virus type 3 

(BPIV-3) 

2.25 25 7.6 
Cell culture 

medium 
1878/88  261

 

Feline 

Coronavirus  
0.5 25 7.6 

Cell culture 

medium 
DF2  261

 

Transmissible 

gastroenteritis 

virus (TGEV) 

11 25 6 
Reagent-

grade water 
  225
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Table D.3 (continued) 

Murine hepatitis 

virus  
9 25 6 

Reagent-

grade water 
  225

 

Ebola virus 1.8 21  
DEPC-

treated 

Water 

Makona-

WPGC07 
 256

 

Avian influenza 

virus H3N8 
44 23 7.2 

Distilled 

water 

A/Mallard/MN

/Sg-

00169/2007 

 253
 

Avian influenza 

virus H3N8 
51 23 7.2 

Distilled 

water 

A/Surface 

water/Minneso

ta/W07-

2241/2007 

 264
 

Avian influenza 

virus H4N6 
51 23 7.2 

Distilled 

water 

A/Surface 

water/Minneso

ta/NW1-

T/2006 

 264
 

Avian influenza 

virus H4N6 
15 20 

7.8

4 

Distilled 

water 

A/mallard/Ger

many 

Wv1732-34/03 

pH 

relatively 

constant 

(might 

have 

fallen to 

7.44) 

267
 

Avian influenza 

virus H4N8 
47 23 7.2 

Distilled 

water 

A/Mallard/MN

/Sg-

00219/2007 

 253
 

Avian influenza 

virus H5N1 
20 20  Distilled 

water 

A/Mute 

swan/305/06 
 251

 

Avian influenza 

virus H5N1 
14 20 

7.8

4 

Distilled 

water 

A/teal/German

y/Wv632/05 

pH 

relatively 

constant 

(might 

have 

fallen to 

7.44) 

267
 

Avian influenza 

virus H6N1 
45 23 7.2 

Distilled 

water 

A/Mallard/MN

/Sg-

00170/2007 

 253
 

Avian influenza 

virus H6N2 
43 23 7.2 

Distilled 

water 

A/Mallard/MN

/Sg-

00107/2007 

 253
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Table D.3 (continued) 

Avian influenza 

virus H6N8 
44 23 7.2 

Distilled 

water 

A/Green-

winged 

teal/MN/Sg-

00197/2007 

 253
 

Avian influenza 

virus H6N8 
37 20 

7.8

4 

Distilled 

water 

A/mute 

swan/Germany

/R2927/07 

pH 

relatively 

constant 

(might 

have 

fallen to 

7.44) 

267
 

Infectious 

Haematopoietic 

Necrosis Virus 

(IHNV) 

3.3 21 6 
Distilled 

water 
  268

 

Infectious 

Haematopoietic 

Necrosis Virus 

(IHNV) 

3.3 21 7 
Distilled 

water 
  268

 

Infectious 

Haematopoietic 

Necrosis Virus 

(IHNV) 

3.3 21 8 
Distilled 

water 
  268

 

Infectious 

Haematopoietic 

Necrosis Virus 

(IHNV) 

1.7 21 9 
Distilled 

water 
  268

 

Human 

Coronavirus  
4 23 7.8 

Dechlorinat

ed 

unfiltered 

tap water 

229E  255
 

Feline 

infectious 

peritonitis virus 

(FIPV) 

4.2 23 7.8 

Dechlorinat

ed 

unfiltered 

tap water 

  255
 

HIV 
0.021 - 

0.042 
25 

6.5 

- 

7.0 

Dechlorinat

ed Tap 

Water 

  265
 

Marburgvirus  10 RT  Guinea pig 

sera 
Popp 

From 

graph 
245

 

Ebola virus 6 RT  Guinea pig 

sera 
E718 

From 

graph 
245
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Table D.3 (continued) 

Transmissible 

gastroenteritis 

virus (TGEV) 

4 25 7.6 

Pasteurized 

settled 

sewage 

 

pH 

measured 

before 

pasteurizat

ion 

225
 

Murine hepatitis 

virus  
3 25 7.6 

Pasteurized 

settled 

sewage 

  225
 

Murine hepatitis 

virus  
0.79 25  Pasteurized 

wastewater  
A59  222

 

Phi6 2.21 25  Pasteurized 

wastewater 
  222

 

Ebola virus 2.1 20 8.6 

Sterilized 

wastewater 

(gamma-

irradiated) 

 

pH 

measured 

before 

gamma-

irradiation 

223
 

Human 

Coronavirus  
1.2 23  

Primary 

wastewater 

effluent 

unfiltered 

229E  255
 

Feline 

infectious 

peritonitis virus 

(FIPV) 

0.9 23  

Primary 

wastewater 

effluent 

unfiltered 

  255
 

HIV 0.5 25 

6.5 

- 

7.5 

Primary 

wastewater 

effluent 

  259
 

Murine hepatitis 

virus  
0.54 25 

7.6

3 

Wastewater 

(before 

primary 

settling 

tanks) 

A59  222
 

Phi6 0.29 25 
7.6

3 

Wastewater 

(before 

primary 

settling 

tanks) 

  222
 

        

Phi6 9 28 7.4 
Distilled 

water 
 0 salinity 224

 

Phi8 3 28 7.4 
Distilled 

water 
 0 salinity 224
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Table D.3 (continued) 

Ebola virus 0.88 27  DEPC 

Water 
  256

 

Avian influenza 

Virus H1N1 
6.3 28 7.2 

Distilled 

water 

A/green-

winged 

teal/Louisiana/

213GW/1987 

0 salinity 247
 

Avian influenza 

Virus H1N1 
11.9 28 7.4 

Distilled 

water 

A/green-

winged 

teal/Louisiana/

213GW/1987 

0 salinity 247
 

Avian influenza 

virus H2N4 
8.4 28 7.2 

Distilled 

water 

A/blue-winged 

teal/Texas/421

717/2001 

0 salinity 247
 

Avian influenza 

virus H2N4 
6.6 28 7.4 

Distilled 

water 

A/blue-winged 

teal/Texas/421

717/2001 

0 salinity 247
 

Avian influenza 

virus H3N2 
6.3 28 7.2 

Distilled 

water 

A/mallard/Min

nesota/199036/

1999 

0 salinity 247
 

Avian influenza 

virus H3N2 
11.7 28 7.4 

Distilled 

water 

A/mallard/Min

nesota/199036/

1999 

0 salinity 247
 

Avian influenza 

virus H3N8 
14 28 7.2 

Distilled 

water 

A/Mallard/MN

/Sg-

00169/2007 

 253
 

Avian influenza 

virus H3N8 
6 28 6.2 

Distilled 

water 

A/Surface 

water/Minneso

ta/W07-

2241/2007 

 264
 

Avian influenza 

virus H3N8 
11 28 7.2 

Distilled 

water 

A/Surface 

water/Minneso

ta/W07-

2241/2007 

 264
 

Avian influenza 

virus H3N8 
8 28 8.2 

Distilled 

water 

A/Surface 

water/Minneso

ta/W07-

2241/2007 

 264
 

Avian influenza 

virus H3N8 
10.9 28 7.3 

Distilled 

water 

A/Gadwall/LA

/17G/87 
 272

 

Avian influenza 

virus H4N6 
13 28 7.2 

Distilled 

water 

A/Surface 

water/Minneso

ta/NW1-

T/2006 

 264
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Table D.3 (continued) 

Avian influenza 

virus H4N6 
3 28 6.2 

Distilled 

water 

A/Surface 

water/Minneso

ta/NW1-

T/2006 

 264
 

Avian influenza 

virus H4N6 
7 28 8.2 

Distilled 

water 

A/Surface 

water/Minneso

ta/NW1-

T/2006 

 264
 

Avian influenza 

virus H4N6 
13.3 28 7.3 

Distilled 

water 

A/Blue-

Winged 

Teal/LA/44B/8

7 

 272
 

Avian influenza 

virus H4N6 
9.6 28 7.2 

Distilled 

water 

A/mallard/Min

nesota/199057/

1999 

0 salinity 247
 

Avian influenza 

virus H4N6 
7.9 28 7.4 

Distilled 

water 

A/mallard/Min

nesota/199057/

1999 

0 salinity 247
 

Avian influenza 

virus H4N8 
13 28 7.2 

Distilled 

water 

A/Mallard/MN

/Sg-

00219/2007 

 253
 

Avian influenza 

virus H5N1 
4 28 7.4 

Distilled 

water 

A/Whooper 

Swan/Mongoli

a/244/05 

0 salinity 252
 

Avian influenza 

virus H5N1 
5 28 7.4 

Distilled 

water 

A/Duck 

Meat/Anyang/

01 

0 salinity 252
 

Avian influenza 

virus H5N1 
5 28 7.4 

Distilled 

water 

A/Duck 

Meat/Anyang/

AVL-1/01 

0 salinity 224
 

Avian influenza 

virus H5N1 
4 28 7.4 

Distilled 

water 

A/Whooper 

Swan/Mongoli

a/244/05 

0 salinity 224
 

Avian influenza 

virus H5N1 
5 28 7.2 

Distilled 

water 

A/chicken/Hon

g 

Kong/220/199

7 

0 salinity 254
 

Avian influenza 

virus H5N1 
7 28 7.2 

Distilled 

water 

A/chicken/Kor

ea/ES/2003 
0 salinity 254

 

Avian influenza 

virus H5N1 
10 28 7.2 

Distilled 

water 

A/chicken/Nig

eria/-228-

10/2006 

0 salinity 254
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Table D.3 (continued) 

Avian influenza 

virus H5N1 
2 28 7.2 

Distilled 

water 

A/duck/Bac 

Lieu/NCVD 

07-09/2007 

0 salinity 254
 

Avian influenza 

virus H5N1 
21 28 7.2 

Distilled 

water 

A/duck/Vietna

m/201/2006 
0 salinity 254

 

Avian influenza 

virus H5N1 
7 28 7.2 

Distilled 

water 

A/egret/Hong 

Kong/757.2/20

02 

0 salinity 254
 

Avian influenza 

virus H5N1 
8 28 7.2 

Distilled 

water 

A/environment

/Hong 

Kong/485.3/20

00 

0 salinity 254
 

Avian influenza 

virus H5N1 
14 28 7.2 

Distilled 

water 

A/goose/Vietn

am/113/2001 
0 salinity 254

 

Avian influenza 

virus H5N1 
16 28 7.2 

Distilled 

water 

A/Vietnam/120

3/2004 
0 salinity 254

 

Avian influenza 

virus H5N1 
10 28 7.2 

Distilled 

water 

A/West 

Java//PWT-

WIJ/2006 

0 salinity 254
 

Avian influenza 

virus H5N1 
6 28 7.2 

Distilled 

water 

A/muscovy/Ha 

Nam/NCVD 

07-84/2007 

0 salinity 254
 

Avian influenza 

virus H5N2 
11.2 28 7.8 

Distilled 

water 

A/Mallard/Min

nesota/346250/

2000 

0 salinity 247
 

Avian influenza 

virus H5N2 
20 28 7.4 

Distilled 

water 

A/Mallard/MN

/182742/98 
0 salinity 252

 

Avian influenza 

virus H5N3 
14 28 7.4 

Distilled 

water 

A/Mallard/MN

/355790/00 
0 salinity 252

 

Avian influenza 

virus H5N7 
9 28 7.4 

Distilled 

water 

A/Ruddy 

Turnstone/NJ/8

28219/01 

0 salinity 252
 

Avian influenza 

virus H5N8 
6 28 7.4 

Distilled 

water 

A/Ruddy 

Turnstone/NJ/8

28227/01 

0 salinity 252
 

Avian influenza 

virus H6N1 
14 28 7.2 

Distilled 

water 

A/Mallard/MN

/Sg-

00170/2007 

 253
 

Avian influenza 

virus H6N2 
13 28 7.2 

Distilled 

water 

A/Mallard/MN

/Sg-

00107/2007 

 253
 

Avian influenza 

virus H6N2 
2 28 6.2 

Distilled 

water 

A/mottled 

duck/LA/38M/

87 

0 salinity 272
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Table D.3 (continued) 

Avian influenza 

virus H6N2 
8 28 7.2 

Distilled 

water 

A/mottled 

duck/LA/38M/

87 

0 salinity 272
 

Avian influenza 

virus H6N2 
8 28 8.2 

Distilled 

water 

A/mottled 

duck/LA/38M/

87 

0 salinity 272
 

Avian influenza 

virus H6N2 
15.4 28 7.3 

Distilled 

water 

A/mottled 

duck/LA/38M/

87 

 272
 

Avian influenza 

virus H6N4 
10.9 28 8.6 

Distilled 

water 

A/ring-billed 

gull/Georgia/4

21733/2001 

0 salinity 247
 

Avian influenza 

virus H6N8 
10 28 7.2 

Distilled 

water 

A/Green-

winged 

teal/MN/Sg-

00197/2007 

 253
 

Avian influenza 

virus H7N3 
11 28 7.4 

Distilled 

water 

A/Laughing 

Gull/DE/AI00-

2455/00 

0 salinity 252
 

Avian influenza 

virus H7N3 
4 28 7.4 

Distilled 

water 

A/Ruddy 

Turnstone/DE/

650635/02 

0 salinity 252
 

Avian influenza 

virus H7N3 
12 28 7.4 

Distilled 

water 

A/Mallard/MN

/182761/98 
0 salinity 252

 

Avian influenza 

virus H7N4 
10 28 7.4 

Distilled 

water 

A/Blue-winged 

Teal/TX/57857

9/02 

0 salinity 252
 

Avian influenza 

virus H7N6 
9.6 28 7.8 

Distilled 

water 

A/Northern 

shoveler/North 

Carolina/15235

46/2005 

0 salinity 247
 

Avian influenza 

virus H8N4 
10.0 28 7.2 

Distilled 

water 

A/Northern 

pintail/Texas/4

21716/2001 

0 salinity 247
 

Avian influenza 

virus H8N4 
7.7 28 7.8 

Distilled 

water 

A/Northern 

pintail/Texas/4

21716/2001 

0 salinity 247
 

Avian influenza 

virus H9N2 
5.6 28 7.2 

Distilled 

water 

A/ruddy 

turnstone/New 

Jersey/101640

9/2009 

0 salinity 247
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Table D.3 (continued) 

Avian influenza 

virus H9N2 
3.3 28 7.4 

Distilled 

water 

A/ruddy 

turnstone/New 

Jersey/101640

9/2009 

0 salinity 247
 

Avian influenza 

virus H10N7 
16.9 28 7.3 

Distilled 

water 

A/green-

winged 

Teal/LA/169G

W/88 

 272
 

Avian influenza 

virus H10N7 
10.1 28 7.4 

Distilled 

water 

A/red 

knot/Delaware/

AI00-

1329/2000 

0 salinity 247
 

Avian influenza 

virus H10N7 
7.7 28 7.2 

Distilled 

water 

A/red 

knot/Delaware/

AI00-

1329/2000 

0 salinity 247
 

Avian influenza 

virus H11N6 
4.6 28 7.4 

Distilled 

water 

A/dunlin/Dela

ware/AI00-

1459/2000 

0 salinity 247
 

Avian influenza 

virus H12N5 
5.1 28 7.3 

Distilled 

water 

A/Blue-

Winged 

Teal/188B/87 

 272
 

Avian influenza 

virus H12N5 
8.7 28 7.4 

Distilled 

water 

A/mallard/Min

nesota/355788/

2000 

0 salinity 247
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Appendix E Additional Publications Contributing to the Microbiology and Nanotechnology 

Fields 

1. Wang, Y.; Aquino de Carvalho, N.; Tan, S.; Gilbertson, L. “Leveraging 

Electrochemistry to Uncover the Role of Nitrogen in the Biological Reactivity of 

Nitrogen-Doped Graphene”. Environmental Science: Nano, 2019, 6, 3525–3538. DOI: 

10.1039/C9EN00802K 

2. Stachler, E.; Akyon, B.; Aquino de Carvalho, N.; et al. “Correlation of crAssphage-

based qPCR markers with culturable and molecular indicators of human fecal pollution 

in an impacted urban watershed”. Environmental Science & Technology, 2018, 52, 13, 

7505–7512. DOI: 10.1021/acs.est.8b00638 

3. Bibby, K.; Fischer, RJ.; Casson, LW.; Aquino de Carvalho, N.; Haas, CN.; Munster, 

VJ. “Disinfection of Ebola virus in sterilized municipal wastewater”. PLoS Neglected 

Tropical Diseases, 2017, 11 (2): e0005299. DOI: 10.1371/journal.pntd.0005299 

4. Bibby, K.; Aquino de Carvalho, N.; Wigginton, K. “Research Needs for Wastewater 

Handling in Virus Outbreak Response”. Environmental Science & Technology, 2017, 

51, 5, 2534–2535. DOI: 10.1021/acs.est.6b06492 

https://doi.org/10.1039/C9EN00802K
https://doi.org/10.1021/acs.est.8b00638
https://doi.org/10.1371/journal.pntd.0005299
https://doi.org/10.1021/acs.est.6b06492
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