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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• QACs are resistant to direct photo
degradation due to their stable 
structure. 

• Photocatalytic degradation of QACs 
using TiO2 catalyst has been found 
effective. 

• Computational approaches have 
revealed degradation pathways for 
QACs. 

• QACs’ degradation products may be 
more toxic than the parent QACs.  
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A B S T R A C T   

Quaternary ammonium compounds (QACs) are commonly used in many products, such as disinfectants, de
tergents and personal care products. However, their widespread use has led to their ubiquitous presence in the 
environment, posing a potential risk to human and environmental health. Several methods, including direct and 
indirect photodegradation, have been explored to remove QACs such as benzylalkyldimethyl ammonium com
pounds (BACs) and alkyltrimethyl ammonium compounds (ATMACs) from the environment. Hence, in this 
research, a systematic review of the literature was conducted using PRISMA (Preferred Reporting Items for 
Systematic Reviews and Meta-Analysis) method to understand the fate of these QACs during direct and indirect 
photodegradation in UV/H2O2, UV/PS, UV/PS/Cu2+, UV/chlorine, VUV/UV/chlorine, O3/UV and UV/O3/TiO2 
systems which produce highly reactive radicals that rapidly react with the QACs, leading to their degradation. As 
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a result of photodegradation, several transformation products (TPs) of QACs are formed, which can pose a 
greater risk to the environment and human health than the parent QACs. Only limited research in this area has 
been conducted with fewer QACs. Hence, quantum mechanical calculations such as density functional theory 
(DFT)-based computational calculations using Gaussian09 software package were used here to explain better the 
photo-resistant nature of a specific type of QACs, such as BACs C12–18 and ATMACs C12, C14, C18, and their 
transformation pathways, providing insights into active sites participating in the phototransformation. Recog
nizing that different advanced oxidation processes (AOPs) come with pros and cons in the elimination of QACs, 
this review also highlighted the importance of implementing each AOP concerning the formation of toxic 
transformation products and electrical energy per order (EEO), especially when QACs coexist with other 
emerging contaminants (ECs).   

Fig. 1. Structure and electronic energy (E) without zero point energy correction for selected QACs at M06–2X/6–311 G(d,p) level of theory: a) BAC C12, b) BAC C14, 
c) BAC C16, d) BAC C18, e) ATMAC C12, f) ATMAC C14 and g) ATMAC C18. Hydrogen, carbon, nitrogen, and chlorine atoms are represented by white, gray, blue, 
and green spheres, respectively. 
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1. Introduction 

Quaternary ammonium compounds (QACs) are cationic surfactants 
with bactericidal and virucidal properties. Thus, these compounds have 
been used as active ingredients in commonly found disinfectants and 
cleaning agents in hospitals, restaurants, and homes [7–9,43–45]. 
Compared to QACs used in personal care products, which can have alkyl 
chains as long as 22, QACs used in cleaning and disinfection goods 
typically have lower alkyl chain lengths (C8–C16) [3]. They have also 
gotten much attention due to their application in the synthesis of 
nanocomposites [56], as a source of bromide during photocatalysis ex
periments [17], and even in the design of pH-Swing membrane for 
contaminant removal [64]. The general structure of a QAC consists of a 
positively charged nitrogen atom attached to at least one hydrophobic 
hydrocarbon chain, i.e., alkyl groups (Fig. 1). Most QACs also have 
halogen anions attached to them, which determines the amphiphilic 
nature of the compound [49]. As such, QACs are positively charged at 
neutral pH ranges and are more easily adsorbed onto negatively charged 
surfaces such as sludge, soil, and sediments [5]. For QACs, there are 
several different and complicated nomenclatures. Benzylalkyldimethyl 
ammonium compounds (BACs), alkyltrimethyl ammonium compounds 
(ATMACs), and dialkyldimethyl ammonium compounds (DADMACs) 
are examples of QACs that are often mentioned in environmental 
research [3]. 

Routes of exposure of QACs to humans include inhalation, dermal 
contact, and oral ingestion. Studies have shown that exposure to high 
concentrations of QACs through inhalation or ingestion can result in cell 
death by disrupting mitochondria functions, adversely affecting ATP 
production [14,52]. There have also been a rising number of observa
tions of asthma occurrences among healthcare workers exposed to dis
infectants with QACs [18,20,45]. Furthermore, other studies reported 
QACs in the bloodstream, with a finding of 80% present in 43 human 
volunteers [24]. QACs leading to more widespread antimicrobial resis
tance in bacteria is another crucial issue that needs to be considered 
[39]. Studies have shown that both Gram-negative and Gram-positive 
bacteria display cross-resistance traits. For instance, Gram-negative 
Escherichia coli’s minimum inhibitory concentration (MIC) to QACs 
and antibiotics increased by 2 to 7 folds and 1 to 116 folds, respectively 
[49] and Gram-positive methicillin-resistant Staphylococcus aureus’s 
(MRSA) MIC to β-lactam antibiotics increased by 1 to 16 folds [1]. 
Research has reported on the reduced susceptibility of Salmonella 
enterica to the disinfection process with QACs [6]. Another study found 
that benzyldimethyltetradecyl ammonium chloride (BAC C14) interferes 
with the physiological and metabolic processes in Microcystis cells and 
induces the formation and release of microcystin, which could poten
tially harm aquatic ecosystems [29]. 

QACs have been detected in wastewater, sludge, surface water, 
sediments, soil, and sewage-impacted areas [21,22,36–38]. Most QACs 
end up in wastewater treatment plants (WWTPs) via sewage systems, 
and residual concentrations can be released into the aqueous environ
ment via effluent of conventional biological nutrient removal plants [12, 
55]. The concentration of QACs found in surface water and treated 
wastewater worldwide varies from less than 1 μg/L to about 100 μg/L. 
In untreated wastewater, their concentration can be up to twelve times 
higher, reaching around 1200 μg/L [49,50]. 

The rapid use of QACs during the pandemic has raised additional 
concern due to their possible elevated level in the affected environ
mental matrices and poor removal during biodegradation at WWTPs 
[50]. The environmental fate and toxicity of QACs are influenced by the 
type of bonded substituents and the alkyl chain length [3]. A recent 
study suggests that QACs can significantly inhibit microbial activity at 
the WWTP [62], similar to the effects observed for BACs. For instance, 
benzalkonium chloride (BAC C12 or DDBAC) shock treatment can cause 
the destruction of aerobic granular sludge structure by reducing its 
particle size, ultimately resulting in particle disintegration [62]. By 
combining the effects of cell lysis, electric neutralization, and improved 

hydrophobicity, the presence of QACs has been shown to promote 
sludge solubilization but inhibit methanogenesis due to the buildup of 
volatile fatty acids and the susceptibility of methanogens to QACs [66]. 

So far, only a few attempts have been made using advanced 
oxidation-based treatment technologies to remove these compounds 
from environmental matrices and water streams [21,35,36]. However, it 
is important to note that while the parent compound may be degraded, 
the formation of transformation products (TPs) during degradation with 
a similar or elevated level of toxicity can still pose a risk, as reported for 
dodecyltrimethylammonium chloride (DTAC or ATMAC C12) [36]. 
Except for BAC C12 and ATMAC C12, studies highlighting the photo
trasnforamtion of other QACs of longer carbon chain lengths are still 
rare in the literature. Therefore, further research is needed to better 
understand the potential photochemical fate of these QACs and probable 
transformation pathways leading to toxic product formation. Recently, 
powerful software packages such as Gaussian09 have been used in the 
scientific domain to study the degradation pathway of ECs, such as 
pharmaceuticals, as they allow for the exploration of various reaction 
pathways and the prediction of potential degradation products [51]. The 
underlying models of these packages are based on the principles of 
quantum mechanics and provide accurate and reliable calculations of 
molecular structures, energies, and properties. With its user-friendly 
interface and extensive range of computational tools, such software is 
widely regarded as a valuable tool for researchers in the field of envi
ronmental engineering. Such a tool can also be used to study the pho
todegradation pathways for QACs. 

Thus, this bibliometric study aims to collate the available informa
tion on the photochemical fate of QACs and explore the extent of their 
degradation through direct, indirect, and advanced oxidation processes 
(AOPs). The cost of various techniques applied in the AOPs for QACs is 
discussed, including a comprehensive comparison of these degradation 
methods. The discussion encompasses the advantages, disadvantages, 
and potential improvements associated with each technique including 
electrical energy per order (EEO). Furthermore, this research explains 
the possible formation of TPs and photo transformation degradation 
pathways through computational analysis for the most used QACs such 
as BACs and ATMACs. The major focus of this work is a step-by-step 
approach to conducting computational analysis on the aforementioned 
QACs. 

2. Methodology 

2.1. Review of literature 

This bibliometric study utilized the PRISMA (Preferred Reporting 
Items for Systematic Reviews and Meta-Analysis) method, which in
volves four distinct levels: Identifying, Screening, Eligibility, and In
clusion criteria. These levels were carried out in three stages. In the first 
stage, a suitable search engine such as Google Scholar was fed with 
keywords as Google Scholar provides a diverse range of journal avail
ability and more recently published works. The keywords used in the 
search engine are the photochemical fate of QACs, photodegradation of 
QACs, ATMAC C12–18, DADMAC C8–18 and BAC C12–18. Around 200 
documented results were initially obtained, and the literature was 
screened based on several inclusive criteria. The screening process 
involved selecting only peer-reviewed journal articles. The articles were 
also categorized into different sub-areas based on the subject areas that 
fell under the immediate scope of the study, such as direct photo
degradation, indirect photodegradation, and degradation pathways for 
QACs, including experiments conducted using both synthetic and envi
ronmental samples under different irradiance condition (Table 1). 
Finally, any duplicates in the published articles were removed to ensure 
no overlap in the final dataset. Finally, 16 articles were used to explain 
the direct, indirect, and, most importantly, photodegradation pathways 
of QACs. The dataset of degradation products and pathways published 
articles were then selected for computational analyses. 
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2.2. Computational analysis 

Quantum mechanical calculations were performed to explain and 
provide insights into the transformation pathways of the selected QACs, 
such as benzylalkyldimethylethylammonium compounds (BACs) and 
alkyltrimethyl ammonium compounds (ATMACs) for which TPs are 
reported in the literature. First, the structure for the selected QACs under 
study was drawn using HyperChem 7.01 [27] and subsequently 
pre-optimized using PM3 semiempirical Hamiltonian [58] (Fig. 1). 
Further semiempirical calculations were carried out in MOPAC2016 
(Molecular Orbital Package) Stewart [59] using the robust PM7 
Hamiltonian [23]. Density Functional Theory (DFT) was used as the 
final optimization step for the QACs, specifically the 
exchange-correlation functional M06–2X [10] and the 6–311 G(d,p) 
basis function. This conjunction has been successfully applied in previ
ous computational studies [16,2,26]. All DFT optimisation calculations 
were performed in the Gaussian09 software package [13]. Solvent ef
fects were considered using the continuum solvation model based on 
solute electron density and solvent dielectric constant, SMD (water as 
solvent). The previously mentioned theory level was used to obtain and 
characterize the Frontier Molecular Orbitals (FMO) of the QACs (Fig. 2). 
Further, unrestricted single-point DFT calculations were carried out to 
determine the most active sites of the molecules toward nucleophilic and 
electrophilic attacks at UM06–2X/6–311 G(2df,2pd). First, output files 
were used to calculate the charge distribution of the QACs (neutral, 
anionic and cationic species) by applying the Atomic Dipole Corrected 
Hirshfeld (ADCH) population analysis [42] in the Multiwfn software 
[41]. This model fixes some drawbacks of the previous Hirshfeld model, 
in which charges are too small and poor reproducibility of molecular 
dipole moments. As determined during the literature review on the 

photodegradation pathways of selected QACs, the conjunction between 
electrophilic, nucleophilic and radical reactions plays a critical role in 
the production of the degradation products. Thus, the charge distribu
tion was employed to calculate the nucleophilic, electrophilic and 
radical condensed functions [4,15] as follows (Fig. 3): 

f+A = qN
A − qN+1

A (nucleophilic Fukui function) (1)  

f −A = qN− 1
A − qN

A (electrophilic Fukui function) (2)  

f0
A =

qN− 1
A − qN+1

A

2
(radical Fukui function) (3) 

where qN
A, qN+1

A and qN− 1
A stand for the charge of atom A when the 

total number of electrons is N (neutral species), N+1 (anionic species) 
and N − 1 (cationic species), respectively. The conjunction between 
frontier molecular orbital characterization and condensed Fukui func
tion helped to study the QACs’ degradation pathways. A similar meth
odology has been previously used to predict the degradation pathways 
of pharmaceuticals in an aqueous solution [51]. 

3. Direct and indirect photodegradation 

Direct photolysis is considered one of the natural attenuation 
mechanisms for emerging contaminants (ECs) in natural water [47,48]. 
However, only limited attempts were made to study QACs’ direct 
photolysis in the lab or natural environment. A study by Itoh et al. [28] 
evaluated the extent of photodegradation for two benzyl-containing 
ammonium salts such as p-alkylbenzyltrimethylammonium halides 
and alkylbenzyldimethylammonium halides. Significant degradation of 
93–100% was observed during ultraviolet (UV) irradiance for 5 h due to 
the heterolytic and homolytic cleavages of the benzyl-nitrogen bond 
(Table S1). Following this study, after five years, Hora & Arnold [21] 
evaluated the extent of photodegradation for 
benzyldimethyl-n-dodecylammonium chloride (BAC C12), 
benzyldimethyltetradecyl-ammonium chloride hydrate (BAC C14) and 
benzethonium chloride (BZT) in Mississippi river water under a solar 
simulator and natural sunlight (Table S2). No significant degradation 
was observed for BAC C12 and C14 under the solar simulator and out
door river water. The bimolecular rate constants under solar simulator 
were KOH, BAC C12 = 1.1 × 1010 M− 1 s− 1 and KOH, BAC C14 = 1.2 × 1010 

M− 1 s− 1, and under natural light, they were KOH, BAC C12 = 1.2 × 1010 

M− 1 s− 1 and KOH, BAC C14 = 1.2 × 1010 M− 1 s− 1. Whereas BZT showed 
significant degradation under solar simulator with a rate constant (KOH, 

BZT) of 9.3 × 109 M− 1 s− 1. In 2023, Joshi et al. [30] evaluated the extent 
of photodegradation for 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene 
(BODIPY 17). The compound was found to be unstable and undergoes 
degradation in the dark and light easily by 77% and 35%, respectively. 
However, it took around 10 h for the compound to degrade in the dark 
and only 10 min during light exposure. Except for BODIPY 17, which is 
commonly used as photosensitizers, most of the studied QACs are 
resistant to direct photolysis, possibly attributed to their stable struc
ture. Hence, several attempts were made to study their fate during in
direct photodegradation and photocatalytic degradation, as described in 
the following sections. 

3.1. Role of natural organic matter 

Depending on the experimental conditions and nature of QACs, 
dissolved or natural organic matter (DOM/NOM) either enhances or 
decreases the rates of QAC degradation. Due to their hydrophobic na
ture, QACs are normally sorbed onto DOM, which is ubiquitous in nat
ural waters and behaves as a sink for QACs [21]. NOM can disrupt QAC 
removal through radical scavenging and UV light scattering [34]. It 
reacts with radicals such as ⋅OH and SO4⋅-, hence leading to radical 
scavenging [35]. However, Miłosek et al. [46] also found that NOM can 
act as a photosensitizer, allowing for a series of radical reactions 

Table 1 
Irradiance source and lamps used for QAC degradation in the literature.  

Lamp details Irradiance condition References 

Xenon (Xe) 
lamp 

a) Open quartz cell using an Xe lamp (IFP 1200) 
with a flash energy of 100 J, Alpha-02 pulse UV- 
radiation apparatus with an average electric power 
on the lamp of 200 W, 100µs, f = 2 Hz 

[53] 

b) Solar simulator (SUNTEST CPS+, ATLAS, 
Chicago, USA) equipped with a Xe lamp (1500 W) 
emitting radiation similar to sunlight in the range of 
300-800 nm 

[46] 

c) 1500 W xenon arc lamp and 290 nm cutoff filter 
used in an Atlas Suntest CPS+ solar simulator 

[21] 

Mercury (Hg) 
lamp 

a) 75 W, λ < 330 nm, under magnetic agitation, in 
a 72 ml Pyrex vessel [57] 

b) 30-W low-pressure, in a merry-go-round 
apparatus, 254 nm (EIKOHSHA, EL-J-60) [28] 

c) Quasi-collimated beam apparatus equipped with 
two 87 W low pressure Hg lamps (254 nm, Light 
Sources Inc., USA) 

[25] 

d) Quasi-collimated beam (41 W low-pressure Hg 
lamps 254 nm, Light Sources Inc., USA) [36] 

e) Low-pressure Hg lamp with a quasi-collimated 
beam (Light sources, Orange, CT, USA) [34] 

f) Medium pressure mercury UV lamp (Heraeus, 
Hanau, Germany) 150 W (UV190 < λ < VIS600) 

[33] 

g) Quasi-collimated beam with wavelength of 
254 nm, produced by two 41 W low-pressure Hg 
lamps (Light Sources, Orange, CT, USA) 

[35] 

h) 9 W low-pressure mercury lamp (Philips TUV PL- 
L) with a maximum emission wavelength of 254 nm [67] 

UV/VUV 
lamp 

a) Black light tubular UV lamp (Philips TLD/08, 
15 W, 350 nm < λ < 410 nm, maximum emission 
at 366 nm) 

[40] 

b) 48 W lamp (GZW48D15Y-Z436, Comwin, 
Guangdong, China) device needs to be filled with 
nitrogen before startupto prevent reaction between 
VUV and air. 

[65] 

LED light 
a) 0.130 W/m2, filtered through a polycarbonate 
case that removed UV light [30]  
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Fig. 2. Frontier molecular orbitals of selected QACs at M06–2X/6–311 G(d,p) level of theory: a) BAC12, b) BAC14, c) BAC16, d) BAC18, e) ATMAC C12, f) ATMAC 
C14 and g) ATMAC C18. HOMO orbitals are shown on the left side while LUMO orbitals are on tare the right side. Hydrogen, carbon, nitrogen, and chlorine atoms are 
represented by white, gray, blue, and green spheres respectively. 
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resulting in quicker degradation of tetraoctylammonium bromide 
(TOAB). 

3.2. Role of cations and anions 

A study by Lee et al. [34] on the UV/PS/Cu2+ system found that the 
cations Fe2+, Mn2+, Zn2+ and Mg2+ in reverse osmosis concentrates 
could increase the degradation of dodecyltrimethylammonium chloride 
(DTAC or ATMAC C12) and dodecyl dimethyl benzyl ammonium chlo
ride (DDBAC or BAC C12). These cations aided in the formation of 
sufficient SO4⋅-, which further contributed to the increased degradation 
of QACs. Anions such as HCO3

- /CO3
2- can have an inhibitory effect on the 

degradation of QACs as they can react with the oxidative radicals [25] 
resulting in less reactive CO3

2-. Meanwhile, anions like Cl- can have dual 
effects. A study by Lee et al. [35] showed that Cl- can react with SO4⋅- to 
form reactive chlorine species and thus, convert SO4⋅- to ⋅OH, enhancing 
the degradation of QACs. However, at higher concentrations, Cl- has an 

inhibitory effect on the degradation process. NO3
- can also be trans

formed into reactive nitrogen species with low redox potentials, which 
then reacts with ⋅OH, decreasing the degradation of QACs. 

3.3. Photodegradation of QACs in H2O2, UV/PS, UV/Cl, UV/O3 and 
UV/PS/Cu2+ systems 

For the first time, Panich et al. [53] evaluated the extent of indirect 
photodegradation of dodecyl trimethylammonium bromide (DTAB) by 
hydrogen peroxide (H2O2). Although no degradation was observed 
under dark conditions, DTAB degradation significantly increased under 
light conditions as the concentration of H2O2 increased (Table S3). 
When the concentration of H2O2 increased from 0 mg/L to 25 mg/L, 
degradation increased from 11% in 20 min to 80% in 10 min. When the 
concentration of H2O2 was increased to 50–100 mg/L, complete 
degradation of DTAB was achieved in 15 min. While the synergistic ef
fects of UV and H2O2 play a critical role at a low concentration of H2O2, 

Fig. 3. Representation of electrophilic, nucleophilic and radical Fukui functions of a) BAC C12, b) BAC C14, c) BAC C16, d) BAC C18, e) ATMAC C12, f) ATMAC C14 
and g) ATMAC C18 at UM06–2X/6–311(2df,2pd) level of theory (Table S14-S20). Electrophilic, radical, and nucleophilic Fuki functions are represented by black, 
red, and blue lines, respectively. 
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at high concentration, the effect of direct oxidation by H2O2 and UV 
fluence cannot be ruled out. 

Similarly, Lee et al. [36] evaluated the extent of indirect photo
degradation of another type of QAC, i.e., ATMAC C12 in UV/PS (per
sulfate) AOP (Table S4), which produced powerful radicals such as .OH 
and SO4⋅- with high redox potentials of 1.8–2.7 V and 2.5–3.1 V, 
respectively. Degradation of ATMAC C12 hardly occurred under UV 
direct photolysis or PS oxidation but was significantly enhanced to 91% 
when UV and PS were combined. This is because of the synergistic effect 
of UV and PS that can rapidly react with ATMAC C12. In another study 
conducted on BAC C12 in the UV/PS system [35], it was found that BAC 
C12 degradation after 15 min was higher in UV/PS systems at 83% 
compared to PS-only and UV-only systems at 19% and 41%, respec
tively. This was due to the synergistic effect of UV/PS (Table S5). The 
degradation of BAC C12 also increased from 50% to 90% as the con
centration of PS increased, highlighting a positive correlation between 
the number of radicals generated and the dosage of PS. 

These two studies were later expanded by Lee et al. [34] to evaluate 
the extent of indirect photodegradation for ATMAC C12 and BAC C12 in 
deionized (DI) water in an UV/PS/Cu2+ systems (Table S6). Under UV 
only, PS only and Cu2+ only conditions, degradation of ATMAC C12 and 
BAC C12 barely occurred within 4 min. Under PS/Cu2+ conditions, 
slight degradation of ATMAC C12 and BAC C12 of 5% and 4%, respec
tively, were observed, as Cu2+ has low reactivity towards PS for 
generating SO4⋅-. Under UV/PS/Cu2+ and UV/PS conditions for 4 min, 
significant degradation of ATMAC C12 of 96.2% and 65%, respectively, 
and BAC C12 of 98.5% and 66%, respectively, was observed. Two 
possible reasons could explain such an efficient removal. Firstly, Cu2+

may directly react with PS to produce SO4
.-. Secondly, Cu2+ may 

contribute in generating more SO4
.- or other radical species. However, 

SO4⋅- generation is typically affected by the pH of the solution. In gen
eral, an increase in pH reduces the SO4⋅- generation. However, with the 
increased generation of .OH at a high pH of 11, SO4

.- oxidized OH- to form 
.OH radicals. Thus, high concentrations of .OH further increased the 
removal of ATMAC C12 and BAC C12 26 and 8 times, respectively.  

2S2O8
2- + 2 H2O→ 3SO4

2- + SO4
⋅- + O2

⋅- + 4 H+ (4)  

SO4
⋅- + OH- → ⋅OH + SO4

2-                                                               (5)  

HOCl → Cl⋅ + ⋅OH                                                                         (6)  

HOCl ↔ OCl- + H+ (pKa = 7⋅6)                                                       (7) 

There were three more studies on three different systems, i.e., UV/ 
chlorine [25], vacuum ultraviolet (VUV)/UV/chlorine [65], and O3/UV 
[67] systems, where BAC C12 removals were reported. The study by 
Huang et al. [25] reported 65% removal for BAC C12 in the UV/chlorine 
system within 12 min of exposure (Table S7). In this system, the removal 
of BAC C12 was achieved by the combined action of .OH and Cl., which 
were produced from the photolysis of HOCl. pH also affected the 
removal of BAC C12. An increase in pH from 3.6 to 9.5 reduced the BAC 
C12 removal from 81.4 to 56.6%. Such a reduced removal rate at high 
pH is likely attributed to the less reactive OCl- form of HOCl at higher pH 
above 7.6. Moreover, the quantum yield of HOCl (ɸ = 0.7) is higher than 
that of OCl- (ɸ = 0.5), resulting in more radical formation. Therefore, the 
generation of more reactive Cl. radicals is inhibited at high pH. Again, at 
high pH, the contribution of the .OH radicals increased compared to Cl. 

as Cl. is more reactive with OH- and forms selective and low oxidation 
potential ClOH. which further decomposes to form .OH and Cl-. Even 
though the redox potential of Cl. (2.41 V) is reported to be comparable 
to the redox potential of .OH, the reported removal in UV alone and 
chlorine alone were 42% and 7%, respectively. When this study was 
further extended by Xiao et al. [65] to evaluate the BAC C12 degradation 
in a vacuum ultraviolet (VUV)/UV/chlorine system, it was found that, 
within 10 min of the experiment, chlorine alone could not degrade BAC 
C12, and UV showed only slight degradation (14%) (Table S8). 

However, UV/chlorine and VUV/UV showed moderate degradation for 
BAC C12 of 36–38%, and VUV/UV/chlorine exhibited the best degra
dation for BAC C12 of 58%. This is because the reaction of VUV photons 
with water produces .OH radicals. As such, the degradation of BAC C12 
was higher by VUV/UV/chlorine and UV/chlorine than without 
combining with chlorine.  

O3 +OH- →HO2
⋅ +O2

-                                                                      (8)  

O2
⋅- +O3 +H2O→⋅OH+2 O2 +OH-                                                     (9) 

Another study was conducted by Yu et al. [67] on BAC C12 in the 
O3/UV system (Table S9). Under neutral to slightly acidic conditions, 
there was a significant increase in the degradation of BAC C12 from 
18.6% in the presence of O3 alone to 92.9% after 20 min of O3/UV 
irradiation. This is because O3 is efficiently degraded into ⋅OH, which 
reacts with BAC C12 substantially faster than molecular O3. Under 
alkaline conditions, the degradation of BAC C12 was 98.2% due to the 
efficient production of ⋅OH from O3 alone. However, the combined ac
tion of O3 and UV (UV irradiance intensity = 3.53 mW•cm− 2

; Table 1) 
under alkaline conditions resulted in the highest removal (99.3%) due to 
the production of different radicals such as HO2

. , O2
.-, O3

.- and .OH. When 
O3 dosage was increased from 0.37 g/h to 4.37 g/h, there was a sig
nificant increase in BAC C12 degradation from 19.1% to 96.7% without 
UV, but only a limited increase in degradation from 90.2% to 99.3% of 
BAC C12 under UV for 20 min. This is because a higher O3 dosage gives 
rise to a higher O3 concentration in the gas phase, and by Henry’s law 
would result in a higher concentration of O3 in an aqueous solution. This 
leads to higher production of ⋅OH and hence, faster degradation. How
ever, under UV, ⋅OH would result in the reaction with excess O3 to 
generate less oxidative species. A study by Hora & Arnold [21] further 
evaluated the extent of indirect photodegradation for BAC C12, BAC C14 
and benzethonium chloride (BZT) in Mississippi River water with 
hydrogen peroxide (H2O2) (Table S2). However, no significant degra
dation was observed for BAC C12 and C14 when experiments were 
conducted by spiking H2O2, whereas BZT showed significant degrada
tion in the presence of H2O2. The bimolecular rate constants (KOH) for 
BAC C12, BAC C14 and BZT were 1.1 × 1010 M− 1 s− 1, 1.2 × 1010 M− 1 

s− 1 and 1.08 × 1010 M− 1 s− 1, respectively. 

3.4. Photocatalytic degradation 

In addition to direct and indirect photodegradation, photocatalytic 
removal of QACs was studied in lab-scale studies. Serpone [57], for the 
first time, studied the photocatalytic degradation of benzyl tetrade
cyldimethyl ammonium chloride (BTDAC or BAC C14) and hexadecyl
trimethyl ammonium bromide (CTAB or ATMAC C16) using TiO2 
catalyst and the removal of the QACs were evaluated through total 
organic carbon (TOC) removal (Table S10). TOC removal for BAC C14 
and ATMAC C16 was 74.4% and 55.1%, respectively, at the end of 5 h. 
Although no measurements on the QACs were documented due to 
analytical challenges, the degradation of these cationic surfactants is 
considered slower than other surfactants due to the very slow 
photo-mineralization of the alkyl chain. Later, Miłosek et al. [46] eval
uated the photocatalytic degradation of Tetraoctylammonium bromide 
(TOAB) using the same TiO2 catalyst (Table S11). The half-life of TOAB 
was significantly lower in river water at 138 min compared to the in 
model solution at 578 min. This is because the NOM in river water acted 
as a photosensitizer, allowing for a series of radical reactions that 
resulted in quicker degradation of TOAB. The half-life of TOAB was also 
significantly lower in the presence of TiO2 in anatase form of 62 min as 
compared to the in model solution. In addition to ⋅OH, the adsorption of 
TOAB onto the surface of TiO2 due to electrostatic action also increased 
the degradation of TOAB. However, such adsorption is expected to be 
low at pH 6 – 7, as seen during the photocatalytic degradation of ben
zalkonium chloride (BKC) [40]. 

BKC concentration decreased slightly by 8.5% when left in contact 
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with TiO2 for 30 min in the dark because of adsorption onto the catalyst 
surface. TiO2 is slightly positively charged at pH 7, which does not favor 
the adsorption of cationic BKC due to electrostatic repulsion. Thus, it 
took around 180 min for the complete removal of BKC. To overcome the 
electrostatic repulsion between TiO2 and cationic QACs, Suchitra et al. 
(2015) synthesized negatively charged activated carbon (AC) and TiO2 
composite (ACT) and studied the degradation of BKC (Table S12). Thus, 
incorporating a negative surface-charged AC on TiO2 improved the 
interaction between ACT and positively charged BKC [60]. The point of 
zero charges (pHpzc) of TiO2 and AC is 6.18 and 2.72, respectively. 
Therefore, an increase in the AC content in the ACT composite further 
increases the negative charge on the ACT composite, leading to high 
removal of cationic BKC in the aqueous solution. As a result, the pho
tocatalytic degradation of BKC increased from 9.6% to 80.3% when the 
composition of AC in ACT increased from 0% to 100% under dark 
conditions. The increase in adsorption capacity within 1 h of the 
experiment was mainly attributed to increased AC surface area. Under 
UV exposure, BKC degradation increased significantly from 68.5% to 
99.9% when the composition of AC increased from 0 to 10% within 1 h 
of the experiment. However, the removal of BKC was subsequently 
decreased and showed no significant effect as the composition of AC 
increased further to 100%. The degradation of BKC was lower with a 
100% composition of TiO2 as TiO2 becomes positively charged when in 
contact with UV, and since BKC is cationic, it will be repelled away from 
the surface due to similar charges. AC plays an important role in the 
adsorption of BKC onto the TiO2 surface, as hybridizing AC onto TiO2 
gives the catalyst surface a negative charge in addition to the highly 
favorable adsorption sites provided for BKC. This led to high degrada
tion when the composition of AC was increased to 10%. The degradation 
of BKC subsequently decreased to an insignificant effect because the 
hybridization of TiO2 onto AC obstructed the pores on the AC surface 
and led to a decrease in the degradation of BKC. 

Kuźmiński et al. [33] further studied the photocatalytic degradation 
of cationic benzethonium chloride (BtCl) and anionic sodium dode
cylbenzene sulfonate (NaDBS) in the presence of UV, O3 and TiO2 – P25 
and TiO2/N catalysts (Tables S13). Surface charge on the photocatalyst 
plays a major role in the photocatalytic activity of BtCl and NaDBS. 
pHpzc of TiO2-P25 and TiO2-N is 5.65 and 6.7, respectively. Under 
acidic conditions, anionic NaDBS adsorbed efficiently on the TiO2-P25 
and TiO2-N with adsorption capacities of 140 and 196 mg/g, respec
tively. Similarly, under alkaline pH, cationic BtCl adsorbed on the 
TiO2-P25 and TiO2-N with adsorption capacities of 85 and 100 mg/g, 
respectively. As a result of the adsorption of QACs on the photocatalyst, 
the interaction between target QACs and generated reactive oxygen 
species (ROS) during the photocatalytic degradation process was 
significantly improved, leading to the degradation of BtCl and NaDBS. In 
this study, photocatalytic degradation of both QACs was conducted at 
pH 5.4, and it was observed that BtCl removal was higher using 
TiO2-P25 than TiO2-N, whereas NaDBS removal was higher using 
TiO2-N than TiO2-P25. This is likely because, at pH 5.4, TiO2-N has a 
more positive charge than TiO2-P25, being more favorable in removing 
anionic NaDBS. 

Under UV + TiO2 – P25 and UV + TiO2/N system, the degradation of 
BtCl increased significantly to 85–90% and 80–82%, respectively, as 
compared to UV only. Similarly, the UV + O3 + TiO2 – P25 and UV + O3 
+ TiO2/N systems had slightly higher degradation rates of 82–83% and 
84–85%, respectively, compared to the UV + O3 system. This is because 
the added catalyst has a high surface area, allowing BtCl to be adsorbed 
onto the surface, and subsequent surface oxidation increases the BtCl 
removal. It was also observed that the UV + TiO2/N system had slightly 
lower degradation of BtCl as compared to the UV + TiO2 – P25 system. 
This is because the high surface positive electrokinetic potential of TiO2/ 
N repels the cationic BtCl surfactant; this further decreases the oxidation 
efficiency and hence, results in slightly lower degradation rates. 

In lab-scale studies, the photocatalytic degradation of QACs has been 
studied using TiO2 catalysts or in combination with AC. However, the 

degradation rate of cationic surfactants is slower due to the slow photo- 
mineralization of the alkyl chain leading to the formation of several TPs, 
as discussed below with the help of computational analysis. Future 
research can focus on developing more effective photocatalysts to 
enhance the photocatalytic degradation of QACs where the effect of 
various factors, such as the concentration of QACs, pH, and reaction 
time, can be optimized. 

3.5. Photodegradation pathway and computational analysis 

3.5.1. Benzylalkyldimethyl ammonium compounds (BACs) 
So far, limited research has been performed on the degradation 

pathways of a few QACs, such as BAC C12 or DDBAC and ATMAC C12 or 
DTAC. Hence, in this section phototransformation of remaining BACs 
and ATMACs are discussed with the help of computational analysis and 
phototransformation results published for BAC C12 and ATMAC C12. 

3.5.2. Phototransformation of BAC C12 or DDBAC 
Among BACs, the phototransformation of BAC C12 has only been 

studied extensively. The study by Huang et al. [25] on BAC C12 
degradation by UV/chlorine oxidation reported five main TPs (Fig. 4, 
TP1 and TP2 pathways). The cleavage of the benzyl-nitrogen bond of 
DDBAC resulted in TP1 (m/z = 214), which, upon demethylation, 
formed TP1.1 (m/z = 200). The hydroxylation and hydrogen abstrac
tion of TP1 resulted in TP 1.2 and TP1.3 (m/z = 228), respectively. 
Hydrogen abstraction of the alkyl chain through a hydroxyl radical 
followed by the reaction with dissolved oxygen in the solution formed 
TP2 (m/z = 318). TP1.3/2.1 is also reported to be produced from TP2 
(m/z = 318) via pathway 2.1 through the cleavage of the 
benzyl-nitrogen bond. 

During BAC C12 degradation in the UV/PS/Cu2+ system, Lee et al. 
[34] identified fifteen main oxidation products (Fig. 4, TP3 to 6 path
ways). The degradation pathways mainly included hydrogen abstraction 
resulting in TP3, the addition of a hydroxyl molecule resulting in a series 
of products such as TP4, TP4.1, TP4.2 and TP4.1.1/4.2.1, and the 
cleavage of a benzyl-nitrogen bond resulting in TP6. Hydrogen 
abstraction of TP3 formed TP3.1. Further hydroxylation of TP6 formed 
TP6.1 and TP6.2 and then TP6.1.1/6.2.1, TP6.1.2 and TP6.2.2. TP5 was 
produced via the central fission of the Calkyl-N bond of BAC C12. 
Although not reported in the study, the detection of TP5.1 suggested an 
esterification reaction between benzenecarboxylic acid and 
benzaldehyde. 

Further degradation of BAC C12 in a VUV/UV/chlorine system, Xiao 
et al. [65] identified six TPs (Fig. 4, TP7 to 10 pathways). Similar to 
previous studies, the degradation pathways mainly involved hydrogen 
abstraction, hydroxylation, and cleavage of the C-N bond. TP7 was 
formed primarily by adding a carbonyl group to BAC C12. TP8 was 
formed by displacing an H atom with the hydroxyl group and then with 
the hydroxyl group on benzene or alkane. Further oxidation or substi
tution of TP7, TP8 and TP9 formed TP7.1/8.1 and TP7.2/9.1 with hy
droxyl groups at different positions. TP10 was derived through the 
cleavage of the C-N bond in DDBAC, which might have further under
gone oxidation and substitution with carbonyl and hydroxyl groups to 
produce TP10.1 and then TP10.2. 

The study by Lee et al. [35] on BAC C12 degradation by UV/PS 
identified five TPs (Fig. 4, TP11 to 13 pathways). The degradation 
occurred mainly via two pathways, the first being an attack at a hy
drophobic part of the compound and the second on the hydrophilic part. 
The hydrophobic part was started by the addition of⋅OH, which formed 
TP11. The hydrophilic route was initiated by removing the benzyl 
substituent to form a carboxylic acid that resulted in TP13 (m/z = 214), 
TP12.1 (m/z = 228) and TP13.1 (m/z = 200), probably through qui
nonization. In addition, hydrogen abstraction of DDBAC produced TP12 
(m/z = 318), which then formed TP12.1 (m/z = 228) after cleavage of 
the benzyl-nitrogen bond. Furthermore, two mechanisms are respon
sible for the hydroxylation of the aromatic ring: an electrophilic attack 
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by⋅OH and direct electron transfer from an aromatic compound to SO4⋅- 

to produce a radical cation that would hydrolyze to form⋅OH. 

3.5.3. Structure optimization for BACs 
Except for BAC12, no studies have reported the phototransformation 

of other BACs, underscoring the need to explore the photodegradation 
pathway for structurally similar BACs using computational calculations. 

Fig. 1 illustrates the optimized numbered structure of BACs. Due to their 
similar molecular structure, BAC C14–18 are expected to lead to similar 
if not identical degradation pathways as BAC C12. The computational 
data presented herein provide insights into the degradation products of 
BAC C12 but also help predict the degradation paths for other BACs. 

Frontier Molecular Orbitals (FMO) characterization is a widely used 
tool to understand the reactivity of molecules based on the shape of 

Fig. 4. Photo transformation pathway for BAC C12 reported in the literature.  
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HOMO and LUMO orbitals and the atoms that participate in them. In this 
context, the HOMO orbital represents the portion of a molecule in which 
electrophilic attacks could occur due to the electron-donating character 
of the atoms located on it. Conversely, those atoms at the LUMO orbital 
present an electron-withdrawing character; thus, nucleophilic attacks 
are highly susceptible in this moiety. Such theoretical calculations [51, 
61] were previously applied in photodegradation studies. Fig. 2 shows 
the representation of the HOMO and LUMO orbitals for selected QACs 
under study at the M06–2X/6–311 G(d,p) level of theory. As can be 
seen, the representation of the FMO in BACs compounds is quite similar. 
Chlorine atoms, along with carbon and hydrogen atoms pointing toward 
the Cl anion, take part in the HOMO orbital of BAC C12, C14, C16 and 
C18. On the other hand, the benzyl group and nitrogen atoms of the 
previously mentioned compounds take part in the LUMO orbitals. This 
behavior follows the N atom’s cationic character and the anionic nature 
of the Cl atoms present in QACs. These results can be further explained 
by analyzing the effect of the cationic N atom on the benzyl group. The 
presence of positively charged N atoms alters the electronic environ
ment of the benzyl moiety and withdraws electron density from it to 
counteract the positive charge. The net effect is that both the nitrogen 
atom and the benzyl group have low electron density. This similar 
behavior encountered in BACs further strengthens our prediction that 
computational analysis may provide insights into the degradation 
pathways of the less studied BAC C14-C18. 

Single Point calculations at UM06–2X/6–311 G(2df,2pd) were car
ried out to determine the condensed nucleophilic, electrophilic, and 
radical Fukui functions based on ADCH population analysis and shown 
in Fig. 3. It was found that BAC C12 (Fig. 3a) and BAC C16 (Fig. 3c) have 
similar Fuki functions. Similar behavior is also seen between BAC C14 
and BAC C18. These results could be explained by their similar struc
tures and FMO shape, with the benzene moiety pointing toward the 
chlorine atom in BAC C14 and C18 and the cationic nitrogen atom in 
BAC C12 and C16. BAC C12 and C16 have no significant changes in the 
electrophilic Fukui function, with most values around 0 u.a. On the 
other hand, carbons-5, 9, 10, and 11, along with hydrogens-31–37 for 
BAC C12 and hydrogens-35–41 for BAC C16, are found to be the most 
susceptible sites toward nucleophilic attacks. Even the radical attack can 
occur at the same locations, carbon-11 and hydrogens-33, 34 for BAC 
C12 and hydrogens-37, 38 for BAC C16, experiencing the highest radical 
values. It is important to note that the most reactive hydrogen atoms’ 
electronic energy values of BAC C12 match those of BAC C16 (Fig. 1). 

3.5.4. Phototransformation of other BACs from a computational 
perspective 

The appearance of very reactive atoms in the hydrophilic and hy
drophobic parts of BAC C12 follows the experimental observations 
collated in this paper, which identified TPs involving both moieties 
taking part in the degradation pathways. For example, the abstraction of 
hydrogen atoms through radical-based reactions of the alkyl moiety 
followed by hydroxylation or addition of keto groups was essential, as 
reported by many studies (Fig. 4). These reactions can be explained with 
the aforementioned computational results, which suggest the partici
pation of hydrogens 31–37 of BAC C12 in radical and nucleophilic-based 
reactions (TP9, TP9.1, TP3, TP3.1, and TP4). 

These -OH and keto-containing degradation products can be further 
degraded by similar reactions but in the benzyl moiety (TP8.1, TP4.1, 
and TP4.2). In this case, the participation of carbon-5, 9, 10, and 11 of 
BAC C12 in hydrogen displacement reactions is of great importance. 
Furthermore, the nucleophilic character of these atoms sustains their 
participation in direct electron transfer processes with radicals from the 
environment to produce radical cations, which are further hydrolyzed to 
obtain -OH-containing benzyl groups. These electron transfer pathways 
were proposed in the degradation study of BAC C12 by UV/PS. Cleavage 
of the C-N bond was also found to be one of the most common reactions 
in the degradation mechanism of BAC C12 in all studies reviewed in this 
work. Participation of carbon 5, which is directly attached to the 

cationic nitrogen and constitutes one of the most susceptible sites to
ward radical and nucleophilic attacks, may lead to the formation of 
degradation products upon cleavage of the C-N bond (TP6, TP1 and 
TP6/13). These reactive degradation products may be further hydro
lyzed at the alkyl moiety through radical-based hydrogen abstraction 
reactions, as reported elsewhere [35]. Degradation pathways concern
ing BAC C16 are less well studied than those for BAC C12. As demon
strated by the FMO characterization and the behavior of Fukui 
functions, BAC C12 and C16 possess similar structures and local elec
tronic properties; thus, the degradation pathway of BAC C16 might also 
be similar to that of BAC C12. However, the degradation process may 
need harsher conditions as BAC C16 is more stable than BAC C12 due to 
its longer alkyl chain [49], as seen in Fig. 1. Hence, hydrogen 
displacement reactions at the hydrophilic and hydrophobic parts and 
C-N bond cleavage through radical and nucleophilic reactions could be 
the most critical processes in BAC C16 degradation. 

For BAC C14 and C18, carbon-6 and 11 constitute the most reactive 
sites toward electrophilic attacks. Carbon-7, 8 and 9 and hydrogen- 
33–39 for BAC C14 and hydrogens-37–43 for BAC C18 possess the 
highest condensed nucleophilic Fukui function values. Although these 
atoms are equivalent in both structures (Fig. 1), carbon-7 and 11, along 
with hydrogen-34, 35 and 36 in BAC C14 and hydrogen-37, 38 and 39 in 
BAC C18, are the most susceptible site where radical attacks can occur. 
Like BAC C16, there is insufficient experimental data on the degradation 
pathway of BAC C14 and C18; thus, the presented computational results 
could assist in help suggesting their possible degradation products. Due 
to the resemblance between BAC C14-C18 and BAC C12 in their local 
electronic properties and FMO, it is expected that the degradation 
pathways of these QACs are similar to that of BAC C12. However, the 
susceptibility of reactive sites, namely carbon-6 and 11, toward elec
trophilic reactions may lead to a hydroxylation with the hydroxyl rad
icals. As discussed in the previous section for BAC C12, this reaction has 
already been verified and constitutes a common way to hydrolyze 
benzene moieties [36]. 

3.6. Alkyltrimethyl ammonium compounds (ATMACs) 

3.6.1. Phototransformation of ATMAC C12 or DTAC 
While most of these studies only looked at the degradation of BAC 

C12, a study by Lee et al. [34] reported the degradation of ATMAC C12 
in UV/PS/Cu2 + for the first time and found nine main oxidation prod
ucts (Fig. 5). Like BACs, the HOMO orbital of ATMAC C12 is localized at 
the chlorine and carbon atoms (carbon 3 and 4), pointing toward the 
anionic part of the molecule (Fig. 1). Nitrogen, the remaining methyl 
group, and carbon-5 and 6 participate in the LUMO orbital of ATMAC 
C12 (Fig. 2). Nucleophilic, electrophilic and radical values of ATMAC 
C12 were also determined and are shown in Fig. 3e. Like BAC C12 and 
BAC C16, electrophilic values for ATMAC C12 were found to be around 
0 u.a for most atoms. Concerning the nucleophilic and radical Fukui 
functions, hydrogen-17, 19, 21, 25–27 are the most susceptible sites 
toward nucleophilic and radical-based reactions. These hydrogen atoms 
are located either in the methyl or dodecyl group, as shown in Fig. 1. 
Single and multiple radical-based hydrogen displacements can yield 
degradation products containing -OH and keto groups, as shown in 
Fig. 5. C-N bond cleavage, a common reaction in the ATMAC C12 
degradation process, can not be predicted by Fukui functions or FMO 
characterization. The cleavage of the C-H or C-C bond gave TP7, which, 
after hydroxylation and hydrogen abstraction, produced TP6 and TP4. 
TP3, TP2 and TP5 were formed after successive hydroxylation on the 
long alkyl chain (Fig. 5). Likewise, TP1 was formed via cleavage of 
central fission of the Calkyl-N bond. TP9 was produced through cleaving 
the C-C bone and would eventually give TP8. 

3.6.2. Structure optimization and phototransformation of other ATMACs 
Similar to the BACs C14–18, no experimental work has been carried 

out on other ATMACs C14–18 to determine their degradation pathways. 
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Computational studies are, therefore, crucial for understanding their 
reactivities and properties. In this context, similar quantum chemistry 
calculations on larger members of ATMACs, namely ATMAC C14 and 
ATMAC C18, were performed to shed light on their possible trans
formation products. Fig. 2f and g show the representation of FMOs for 
ATMAC C14 and ATMAC C18, respectively. 

Like ATMAC C12, the HOMO of ATMAC C14 is mainly located in the 
chlorine atom and C-H bonds pointing toward the negatively charged 
side of the molecule, while nitrogen and carbon-5 and 6 take part in the 
LUMO. Concerning the values for electrophilic Fukui function, most 
atoms in ATMAC C14 are found to be around 0 u.a., similar to ATMAC 
C12 and BACs included in this work. Regarding nucleophilic and radical 
Fukui functions, hydrogens-20, 22, 24, 26, and 31 constitute the more 
reactive sites toward nucleophilic and radical attacks. These reactivity 
features match those found in ATMAC C12, as seen in Fig. 1e. 

As shown in Fig. 2g, FMOs representations for ATMAC C18 do not 
match those found for the remaining ATMACs included in this study. 
However, local properties modeled in this work, such as condensed 
Fukui functions, are very similar to ATMAC C12. Hydrogens located in 
the alkyl chain, as well as methyl groups bound to the cationic nitrogen 
atom, are the most active sites where nucleophilic and radical reactions 
can occur. Therefore, possible transformation products from the 
degradation of ATMAC C14 and C18 are expected to be similar or 
identical to those reported for ATMAC C12. Reactions ranging from 
radical-based hydrogen displacement and abstraction to hydroxylation, 
driven by the reactive sites mentioned in section 6.2.1 and elucidated in 
Fig. 5, constitute plausible pathways in the degradation of ATMAC C14 
and C18. 

3.6.3. Toxicity posed by degradation products 
So far, only three studies have reported the toxicity posed by a few 

QACs TPs. Huang et al. [25] studied the toxicity of BAC C12 and their 

TPs after UV, chlorine and UV-chlorine treatment based on the inhibi
tion of luminescent bacteria, Photobacterium phosphoreum. At the 
beginning of the experiment, bacteria were inhibited by BAC C12 at an 
initial concentration of 10 mg/L. A similar observation was noticed after 
the chlorination, as BAC C12 was not degraded during the chlorination 
treatment alone (Table S7). However, treatment with UV and 
UV/chlorine decreased DDBAC toxicity, i.e., the inhibition ratio to 33% 
and 9%, respectively, after reaction for 120 min, showing that 
UV/chlorine was a more effective detoxification method than UV or 
chlorine alone. Looking deeper into the detoxification via UV/chlorine, 
the inhibition ratio dropped to 26% after the first 60 min and decreased 
to 9% by 120 min. The results obtained in the first 60 min suggested the 
association of toxicity with BAC C12 TPs but also that it can be decreased 
through BAC C12 removal. The generation of toxic TPs can also be 
speculated as there was residual toxicity after the complete removal of 
BAC C12. However, the continued detoxification in the next 60 min 
further suggests the degradation of toxic TPs. Overall, UV/chlorine can 
effectively degrade the parent compound and detoxify BAC C12. 

Later, Lee et al. [35] reported toxicity for Vibrio fisheri during BAC 
C12 degradation using a UV/PS system (Table 2). After 15 min of re
action, the acute toxicity to V. fisheri decreased from 0.62 to 0.3 due to 
UV/PS oxidation of BAC C12. The residual toxicity in the sample was 
detected after 10 min, even when BAC C12 was completely degraded 
during UV/PS oxidation. Thus, the possible toxicity could be due to the 
TPs formed during BAC C12 degradation in the UV/PS system, and such 
TPs could be more toxic than BAC C12, as shown in Table 2. Apart from 
BAC C12, an attempt was made by Lee et al. [36] to study the acute 
toxicity of ATMAC C12 and their TPs obtained from the UV/PS system 
based on the inhibition of luminescent bacteria (Table 3, Table S4). The 
samples were exposed to luminescent bacteria at 20 ◦C for 15 min. The 
toxicity of ATMAC C12 significantly decreased from 0.75 to 0.49 in the 
UV/PS system at a UV dose of 87 mJ/cm2 and was completely detoxified 

Fig. 5. Proposed degradation pathway for DTAC in UV/PS/Cu2+

(Reproduced with permission from Lee et al. [34]). 
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at a high UV dose of 1305 mJ/cm2. Thus, UV/PS systems operating at 
high UV fluence could effectively detoxify parent DTAC and its TPs. 

The toxicity of QACs and their TPs is a growing concern due to their 
widespread use in various applications. Hence, more research in this 
direction must be conducted. 

3.6.4. Comparison of different AOPs for the treatment of QACs 
In this review, UV/PS, UV/Cl-, UV/O3, UV/H2O2, and UV-assisted 

photocatalysis are discussed for treating QACs with a focus on the 
BAC 12 and ATMAC 12 (Table 1 and Table 4). Among several treatment 
techniques, in the UV/PS, UV/PS/Cu2+, O3, and UV/O3 systems, QACs 
are removed from 90 to 99%, suggesting these techniques are suitable 
for QACs removal. However, for practical feasibility, it is also essential 

Table 2 
Acute and chronic toxicity of BAC C12 and their degradation products (Reused with permission from [35]).  

Name Structure  

ECOSAR 

Vibrio fisheri Fish Daphnia Green algae Oral Rat 

L (E)C50 Log 96 h LC50 ChV 48 h LC50 ChV 96 h EC50 ChV LD50 

DDBAC 0.3 2.93 40.97 4.43 25.34 3.14 26.91 8.53 934.7 

TP 1-1 - 1.46 798.91 73.66 431.69 36.68 261.99 61.44 2458.03 

TP 1-2 - 1.46 798.91 73.66 431.69 36.68 261.99 61.44 1501.22 

TP 2 - 1.44 35.82 6.77 76.48 10.03 102.77 32.85 787.59 

TP 3 - 1.18 34.93 7.29 84.7 10.60 107.43 32.47 N/A 

TP 4 - 2.67 43.80 4.61 26.46 3.07 25.49 7.67 N/A 

TP 5 - 2.13 126.94 12.60 72.92 7.34 56.99 15.31 N/A 

aLC50 represents Half Lethal Concentration, Unit = mg/L 
bEC50 represents Half Effective Concentration, Unit = mg/L 
cChV, Chronic Value, represents chronic toxicity. ChV is defined as the geometric mean of the no observed effect concentration and the lowest observed effect con
centration, Unit = mg/L 
dLD50 represents Half Lethal Dose, Unit = mg/kg 

Table 3 
Basic toxicities results of ATMAC C12 through ECOSAR program (Reused with 
permission from [36]).  

Organism End point Predicted Conc. (mg/L) 

Fish (96-hr) LC50
a 1086.914 

Daphnid (48-hr) LC50
a 574.293 

Green Algae (96-hr) EC50
b 317.67 

Fish ChVc 97.593 
Daphnid ChVc 45.838 
Green Algae ChVc 70.869  

Table 4 
% Removal of ATMAC C12 and BAC C12 during various AOPs.  

Treatment 
systems 

% Removal 

DTAC (ATMAC 
12) 

DDBAC (BAC 
12) 

BACs (% TOC 
removal) 

UV 
Barely occurred  

[34] 
14-42 

[25,35,65] 
10-15 
[33] 

PS 
Barely occurred  

[34] 
19 

[35] 
- 

Cl - 7 
[25] 

- 

UV/PS 65-91 
[34,36] 

66-90 
[34,35] 

- 

UV/Cl - 
36-65 

[25,65] - 

PS/ Cu2+ 5 
[34] 

4 
[34] 

- 

UV/PS/Cu2+ 96.2 
[34] 

98.5 
[34] 

- 

O3 - 
96.7 
[67] 

20-25 
[33] 

UV/O3 - 
99.3 
[67] 

75-80 
[33] 

UV/O3/TiO2 - - 
82-85 
[33]  
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to look into the energy consumption of each treatment option and the 
residual toxicity posed by the transformation products. It is reported that 
the electrical energy per order (EEO) required in UV/PS is higher than in 
UV/H2O2 [11,31]. However, adding Fe2+ in UV/H2O2 reduces EEO 
[11]. Instead of UV light, the presence of the Fe2+/ H2O2 during the 
Fenton process can significantly reduce the production cost of .OH and 
subsequent organic pollutant removal. However, a low operating pH of 
~3 and recovery of Fe2+/Fe3+ from the aqueous system after treatment 
pose significant challenges [54]. It is also reported that the EEO cost of 
the UV/Cl- system is less than 50% of the cost required for the UV/H2O2 
system [11]. 

Compared to all other AOPs, UV/Cl- exhibits greater selectivity to
wards the contaminants due to forming reactive chlorine species (RCS) 
and is primarily effective against organic contaminants with electron- 
donating groups [19]. However, it has a higher potential for gener
ating disinfection by-products (DBPs) in real wastewater than other 
AOPs. Therefore, from a toxicity point of view, UV/Cl- demonstrates 
more toxicity in some instances when contrasted with the .OH forming 
UV/H2O2 system [19,37]. 

In the UV/PS system, a substantial amount of PS is required to 
generate SO4

.-

. SO4
.-, being more stable than .OH, in an aqueous system, 

exhibits greater selectivity for removing organic pollutants [63]. PS is an 
oxidant with a high oxidation potential that persists in the system 
post-treatment, potentially inducing toxicity in the aqueous environ
ment. To address this concern, the UV/PS system necessitates 
post-treatment steps to eliminate PS from the aqueous system, which 
questions its economic feasibility. 

UV light and visible light-assisted photocatalysis exhibit notable 
limitations in recovering nano-size catalysts from aqueous solutions 
after treatment [32,63]. The leaching of nanoparticles from the aqueous 
system can be mitigated by immobilizing the catalyst on an inert surface. 
However, this approach introduces challenges related to the cost of 
nanoparticle production and recyclability, potentially reducing effective 
surface area and mass transfer, thereby affecting removal efficiency. 

In addition, the presence of natural organic matter (NOM) in sec
ondary wastewater poses a significant obstacle as it functions as a 
scavenger for reactive oxygen species (ROS), inhibiting the efficient 
removal of QACs. The scale-up of technology faces challenges related to 
the penetration of light intensity, influencing the overall effectiveness of 
the process. Despite these challenges, photocatalysis and UV/H2O2 offer 
a significant advantage in terms of low disinfection by-product (DBP) 
formation. 

It is crucial to acknowledge that various AOPs present advantages 
and disadvantages when removing QACs. Thus, each AOP must be 
carefully considered and applied based on the specific characteristics of 
the water or wastewater matrices where QACs are present together with 
other ECs, the treatment goals, and the environmental context to ensure 
optimal efficiency and minimal drawbacks. Suggestions for future 
research include:  

1. Explore additional classes of QACs such as DADMACs and QACs of 
more (multi-QAC, poly-QAC) charged nitrogen atoms for their 
environmental and human toxicity and assess the efficacy of removal 
and treatment methods.  

2. Shift the focus from lab-scale studies to investigations conducted in 
real-world wastewater treatment plants when exploring AOPs for 
QAC removal. 

3. Investigate QACs TPs and their toxicity to gain a more comprehen
sive understanding.  

4. Consider hybrid systems such as UV/PS or UV/H2O2 that integrate 
AOPs with other treatment methods, particularly when UV is 
applied, for more effective QAC removal and degradation.  

5. Develop cost-effective AOPs that require minimal volumes of 
chemicals and have low operation and installation costs. 

4. Conclusions 

While direct photolysis is a significant mechanism for the natural 
attenuation of several ECs, based on the limited research conducted, 
QACs are found to be resistant to direct photodegradation in the labo
ratory or natural environment due to their stable structure. Therefore, 
researchers have focused on studying the fate of QACs during indirect 
photodegradation and photocatalytic degradation to develop effective 
strategies for their removal from water bodies. The studies critically 
reviewed and discussed in this paper demonstrate that the degradation 
of QACs can be improved through synergistic effects between different 
treatment systems. The combination of UV and H2O2, UV/PS, UV/PS/ 
Cu2+, UV/chlorine, VUV/UV/chlorine, and O3/UV systems all show 
promising results for the degradation of QACs. These treatment systems 
produce highly reactive radicals such as ⋅OH, SO4

⋅- and ⋅Cl, rapidly 
reacting with the QACs, leading to their degradation. The photocatalytic 
degradation of QACs has also been studied in laboratory-scale experi
ments. TiO2 catalyst has been shown to be effective in degrading 
different types of QACs, such as BTDAC, CTAB, TOAB, BKC and BtCl, in 
different environments, including laboratory model solutions and river 
water. Hybridization of activated carbon onto TiO2 also increased the 
photocatalytic degradation of BKC. UV and O3 were also shown to have 
synergistic effects in degrading BtCl, with the addition of TiO2 catalyst 
leading to higher degradation rates. The findings of these studies pro
vide insights into potentially viable technologies that can be used to 
remove QACs during water and wastewater treatment, and further 
research can explore their effectiveness at larger scales. Additional 
research is necessary to optimize the treatment conditions for different 
QACs and to evaluate the long-term effects of these treatments on the 
environment. 

Using a computational approach has shed light on the degradation 
pathway of QACs. For BKC, benzyl dimethyl amine was found to be 
degraded into ammonia through two pathways. Similarly, the degra
dation pathways of BAC-12 in different systems were mainly involved in 
hydrogen abstraction, hydroxylation, and cleavage of the C-N bond. 
ATMAC C12 was also found to be degraded through similar mechanisms, 
with the cleavage of the C-H or C-C bond being the primary pathway. 
The results of these studies are important as QACs are widely used as 
disinfectants in many industries, and their degradation products may 
have adverse effects on the environment and human health. 

In conclusion, the toxicity of QACs and their TPs have been studied in 
only a few instances. However, the results from these studies suggest 
that QACs TPs can be more toxic than the parent compounds. Moreover, 
the toxicity of the TPs can persist even after the complete degradation of 
the parent compounds, indicating the importance of studying and un
derstanding the TPs formed during the degradation of QACs. The studies 
also suggest that UV/chlorine and UV/PS systems can effectively 
degrade the parent compounds and detoxify QACs. However, the effi
ciency of detoxification may depend on the dosage of UV and the 
treatment time. Therefore, it is essential to optimize the treatment 
conditions to ensure the complete detoxification of QACs and their TPs. 

Overall, there is a need for more comprehensive studies to evaluate 
the toxicity of QACs and their TPs under different environmental con
ditions and to determine the best treatment options to mitigate the risks 
associated with QACs in the environment. Hence, a better understanding 
of the degradation pathways and TPs of QACs is essential to develop 
effective strategies for their disposal and management. Further research 
is required to fully understand the environmental fate and impact of 
these compounds, especially in aquatic environments where they are 
commonly found. 

Environmental implication 

Direct photolysis, a natural attenuation mechanism, is not effective 
for QACs due to their stable structure. However, indirect photo
degradation and photocatalytic degradation can effectively remove 
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QACs from water bodies. The combination of different treatment sys
tems, such as UV and H2O2, UV/PS, UV/PS/Cu2+, UV/chlorine, VUV/ 
UV/chlorine, and O3/UV, have shown positive results in degrading 
QACs. This comprehensive review further highlights the toxicity of 
QACs and their transformation products is a concern, and additional 
research is needed to evaluate toxicity under different conditions and 
determine optimal treatment options for mitigating risks. 
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