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Summary 

The fate of benzotriazole (BTri) and its derivative 5-methylbenzotriazole (5-

MeBT) within the environment including water, soil and plants was investigated. 

Anthropogenic sources such as water treatment plants were also studied. BTri and 5-

MeBT may escape the purification procedures used to treat wastewater for managed 

aquifer recharge (MAR) in Western Australia. Therefore, it is crucially important to 

understand the behaviour of these compounds in this context.  

An extensive review of the literature was conducted, examining the use of BT 

compounds; the prevalence of BTs in the environment around the world; their 

chemical properties and behaviour; and ultimately, their toxicity to various biotic 

organisms. In addition, the review indicated that a methodology to detect ultra-low 

limits (in the ng L-1 range) of these compounds could be improved, and that many 

aspects of their behaviour and how to exploit this for remediation purposes had not 

been identified.  

The first step in developing analytical techniques for the detection and 

quantification of ultra-low concentrations of the target compounds was to consider the 

compounds chemical properties and behaviours. As a result, liquid chromatography 

was trialed, and a modified liquid chromatography mass spectrometry (LC-MS) method 

was developed and validated for the determining the compounds presence in aqueous 

solutions with a method detection limit (MDL) of 2 ng L-1, without sample pre-

concentration.  Following testing and validating, the modified method was used to 

quantify BTri and 5-MeBT concentrations in wastewater, surface water and 

dishwashing detergent samples. BT concentrations were determined in wastewater 

samples that were collected monthly from Beenyup Secondary Wastewater Treatment 

Plant in Perth, Western Australia. Meanwhile, BT compounds were also detected in 

surface water samples were taken from the stream and main water body of a small 

urban Lake, Perth. Interestingly, observations of BTs in commercial soaps and 

detergents available in local markets around Perth suggested these detergents could 

be a possible source for BT contamination in Australian environment.   
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Later, extensive studies were conducted on the biodegradation of BTri and 5-

MeBT. Biodegradation experiments were undertaken to mimic conditions displayed in 

a typical full-scale groundwater recharge systems, as part of a managed aquifer 

recharge (MAR) project using two laboratory columns at the Commonwealth Scientific 

and Industrial Research Organisation (CSIRO) in Perth, Western Australia. Samples 

from the experiment columns were collected and analysed monthly over 

approximately one year, to assess the biodegradation rate of the BTs. As a result, the 

retardation factors and degradation half-lives of BTri and 5-MeBT were calculated. 

Additionally, biodegradation products of each of the compounds were analysed and 

identified using the optimised LC-MS method.  

Following the identification of degradation products, focus was directed to 

potential techniques to remediate BTs at contaminated sites, in both soil and or water. 

In particular, we investigated the previously examined, but a less well-known method 

namely plant phytoremediation of BTri and 5-MeBT contaminants. The 

phytoremediation technique proved to be beneficial in enhancing the removal of BTs 

from the environment by employing manganese availability to stimulate nutrient and 

water uptake.  
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CHAPTER 1:  

INTRODUCTION 

Water contamination is a significant global issue. In recent decades, the 

population of the world has increased rapidly, and the level of environmental 

contaminants has increased proportionately. Contaminants are generally introduced 

directly or indirectly into water sources by defective industrial and agricultural 

applications, or irresponsible measures on the part of municipalities. These 

contaminants are potentially harmful to human health and other living organisms, and 

add to the contemporary worldwide problem of already inadequate fresh water 

resources; however, their impact can be reduced by preserving water resources and 

improving water management techniques. Knowing the chemical fate of these 

contaminants will reveal which appropriate remediation techniques can be applied to 

remove them. 

An emerging class of pollutants of concern is benzotriazole (BTri) and its 

commercially used derivatives, one of which is 5-Methylbenzotriazole (5-MeBT). BTs 

are a class of aromatic amines consisting of a benzene ring bound to a trinitrogen 

hetero-cyclic group (triazole) (see figure 1). The chemical class includes benzotriazole 

(BTri) and a range of BTri derivatives such as 5, 6-dimethylbenzotriazole (XTri), 5-

Methylbenzotriazole (5-MeBT), 4-Methylbenzotriazole (4-MeBT) and 5-

chlorobenzotriazole (CBT).  BTri and 5-MeBT are the most widely used BT compounds 

in industrial processes and household detergents (Hart et al., 2004), as well as the 

most prolifically detected throughout global environments. The United States 

Environmental Protection Agency (USEPA) classify BTs as a high production volume 

(HPV) chemical group because they are manufactured and imported in quantities 

exceeding one million pounds per annum in the USA (USEPA, 2011 ). 
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Benzotriazole (BTri)  5-methylbenzotriazole (5-MeBT) 

Fig. 1. Chemical structures of benzotriazole (BTri) and 5-methyl benzotriazole (5-MeBT).  

  

The chemical and physical properties of BTs, can be very harmful to the 

environment, especially with respect to water pollution. BTs are high aqueous 

solubility (e.g. 28 g L -1 for BTri), highly polar and non-volatile (Hart et al., 2004; Liu et 

al., 2011b; Malhas et al., 2007). BTs, display strong resistance to oxidation under 

environmental conditions and remain stable under moderate UV irradiation, not 

displaying rapid biodegradation (Wu et al., 1998). In alkaline condition or when 

exposed to basic to metal cations they readily dissociate, causing the compound to 

exist as anions. This means that where pHs are neutral BTs tend to be non-ionic 

(Reemtsma et al., 2010). These compounds are weak organic acids (Giger et al., 2006). 

As they have low volatility, they may persist in the environment for long periods of 

time (Kim et al., 2011a). These properties make them difficult to remove in 

conventional wastewater treatment plants (Janna et al., 2011; Reemtsma et al., 2006; 

Weiss and Reemtsma, 2005). For this reason, understanding the longevity of these 

compounds in the aquatic environment may determine what other steps need be 

taken to remove them.  

Sewer systems are believed to be one source of introduction of BTs into natural 

bodies of water, particularly rivers, e.g. wastewater treatment plants that discharge 

into water bodies (Kiss and Fries, 2009; Weiss et al., 2006). A study of wastewater 

samples from a municipal water treatment plant concluded that the BTri compound 

was hydrophilic, non-biodegradable, and toxic to micro-organisms (Hem et al., 2000). 

Studies of this group of contaminants in Europe found that they are being continuously 

emitted and finding their way through wastewater treatment, accumulating in surface 

waters in the subsoil and, ultimately, to the aquifer and then drinking water  
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(Reemtsma et al., 2010; Weiss and Reemtsma, 2005). Drinking water samples have 

been found to have BTs concentrations between 0.01 and 0.2 mg L-1 (Janna et al., 

2011; van Leerdam et al., 2009). In Australia, the maximum permissible concentration 

of 5-MeBT in drinking water is no more than 7 ng L-1 (NRMMC, 2008). The presence of 

BTri and 5-MeBT in drinking water is an area of research requiring further 

investigation. 

As BTri and 5-MeBT have been determined in various environmental samples 

including wastewater, ground water, surface water and soil samples, these 

contaminants have been recently detected in human urine samples (Asimakopoulos et 

al., 2013b; Breedveld et al., 2003; Janna et al., 2011; Loos et al., 2010; Reemtsma et al., 

2006; Weiss and Reemtsma, 2005). Alarmingly, the impact of these contaminants to 

human health is still unknown. Several authors (Harris et al., 2007b; Janna et al., 2011; 

Kadar et al., 2010) have suggested that as there is little data on the chronic toxicity of 

BTri and its derivatives, caution should be taken in making any conclusions about 

environmental risk assessments. 

While a considerable amount of knowledge exists on the occurrence, sources 

and concentrations of BTri and 5-MeBT, information about the fate and effect of these 

compounds in the aquatic environment is scarce (Jover et al., 2009; Matamoros et al., 

2010a). Biodegradation and sorption mechanisms are considered as the most 

effectiveness mechanisms on removing contaminants from aquatic environment. 

However, these process are not provide satisfactory means to date of eliminating polar 

contaminants such as BTs (Hollender et al., 2008a). In aquatic conditions, BTri and 5-

MeBT are highly resistant to biodegradation. The reason for this lack of propensity for 

these organic pollutants to biodegrade is believed to be linked to the finding that BTri 

and 5-MeBT tend to hydrophilic (Hem et al., 2000) or not to be oxidized (Wu et al., 

1998). Also, the UV stability of both BTri and 5-MeBT may cause the biodegradability of 

these compounds to be low (Wu et al., 1998). In addition, sorption of BTri and 5-MeBT 

compounds in soils, particularly sandy soils is slow due to their dipole moment and 

hydrophobic nature (Breedveld et al., 2003; Hart et al., 2004). Sorption rates of BTs is  
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believed to be much greater in subsoil and groundwater environments (Breedveld et 

al., 2003). Subsoil conditions in aqueous systems have indicated that terminal electron-

acceptors are significant determinants of biodegradation efficiency (Liu et al., 2011a). 

For this reason, a number of emerging polar contaminants have potentially degraded 

in aqueous solutions in conditions expected during managed aquifer recharge (MAR) 

(Patterson et al., 2010; Pitoi et al., 2011). If the chemical behavior and lifetimes of 

these compounds are well understood then appropriate remediation techniques can 

then be applied to facilitate their lifetimes and removal. 

There have been ongoing efforts conducted worldwide towards the 

identification and quantification of BTs in the environment. Preparation of 

environmental samples such as filtration and extraction is the first step of analysis for 

determination of contaminants. The next step of analysis can be achieved through 

separation or solid phase extraction (SPE). Using SPE, high sample volumes (500 mL) 

can be reduced down to 10 mL or even below 5 mL without loss in sensitivity and still 

achieve the required limits of detection. Mass spectrometry (MS), for a long time, has 

been augmented through the addition of two techniques used in post-extraction 

quantifications of the compound of interest, gas chromatography (GC) and liquid 

chromatography (LC). LC-MS and GC-MS better separates analytes, and better 

facilitates detection of analytes at ultra-trace levels compared to MS alone. However, 

LC-MS has additional benefits over GC-MS (Hernández et al., 2005; Hopfgartner et al., 

2004). GC-MS is restricted to compounds that are volatile or can be made with 

derivatisation, whereas LC-MS can determine polar analytes without the need for (de 

Alda and Barcelo, 2001; Giger, 2009; Halket and Zaikin, 2003a). For example, when BTs 

are determined using GC-MS, the result is irreversible sorption and smearing or 

complete disappearance of peaks. Furthermore, GC-MS has another major 

disadvantage in analysis of BTs in that BTs are poorly extracted from aqueous media 

(Pervova et al., 2010).  

Analytical techniques for determination of BTs have achieved varying accuracy 

to date. A number of studies have attempted to analyse BTs using LC-MS. Using SPE for  
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as a pretreatment method with LC-MS, a technique known as SPE-LC-MS, BTs have 

been detected at limits of detection as low as 5 ng L-1  (Weiss et al., 2006) for 

groundwater and 25 ngL-1 for untreated wastewater (Weiss and Reemtsma, 2005).  

Although some analytical techniques for determining BTri and 5-MeBT 

compounds within environmental samples are being developed using LC-MS and GC-

MS, limitations of available sample size coupled with the low concentrations of BTs 

within environmental samples has lead to complications with this task. The 

concentrations of these contaminants in purified wastewater is typically very low, of 

the order of nanogram-per-liter, and developing methods to quantify them has resulted 

in major advances in various analytical chemistry techniques. 

Thesis overview 

A primary aim of this thesis included the optimisation of the LC-MS parameters, 

testing conditions and overall methodology to provide heightened sensitivity, lower 

limits of detection (LOD), and validity for detecting BTri and 5-MeBT at ultra-low (ng L-1 

range) concentrations. In order to confirm and validate the improved LC-MS method, 

BTs were detected and analysed in wastewater, recycled water, surface water and 

commercial detergent samples. In addition, to detect BTs with the improved LC-MS 

method, the removal efficiency of BTs from the various treatment processes of an 

advanced water recycling plant (AWRP) was studied.  

As the demand for recycled drinking water increases due to water scarcity, and 

combined with increasing volumes of wastewater produced as consequences of 

population growth, caution must be exercised to mitigate contamination risks of using 

managed aquifer recharge (MAR). If trace organic compounds such as BTs are not 

removed from recycled water prior to aquifer recharge, contamination of the aquifer 

may result. Consequently, contaminants will become present in the groundwater 

extracted for drinking at levels not suitable for human consumption.  While advanced 

wastewater treatment processes such as reverse osmosis removes many larger 

hydrophobic compounds from recycled water, many small polar and uncharged  
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molecules such as BTs are poorly removed (Steinle-Darling et al., 2007; Mitch et al., 

2003; Steinle-Darling et al., 2007). As there are proposals to use recycled wastewater 

as a source of drinking water through MAR in Western Australia, the occurrence and 

fate of BTs in aquifers used for MAR requires a thorough investigation. In addition, 

detrimental effects of BTs have increased interest in alternative remediation 

techniques to remove environmental contaminants such as phytoremediation. For 

example, the removal efficiency of BTri was found to be higher (83–90%) for 

constructed wetland treatments than in conventional wastewater treatment plants 

(~65–70%) (Matamoros et al., 2010a). This was attributed to greater biodegradation, 

photodegradation and plant uptake. Therefore, suggesting that a phytoremediation 

technique employing plants and associated microorganisms in soil and water can be 

used to remove BTs.  

This thesis consists of six chapters. Chapter one introduces and outlines the 

topics which underpin the studies throughout this thesis. Chapter two reviews the 

published reports about benzotriazole and 5-methylbenzotriazole properties, 

applications, occurrence within the environment, toxicity, potential removal 

mechanisms and the analytical techniques used for the determination of these 

compounds in environmental samples. Chapter three provides information regarding 

the development of the LC-MS methodology and the target compounds occurrence in 

Western Australian environment. Chapter four concentrates on biodegradation of the 

compounds under anaerobic condition using native aquifer sediment. Chapter five 

described a phytoremediation strategy using plant species to remove contaminants 

from water and soils. Finally, conclusions with suggestions for future work are 

provided in chapter six.  
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ABSTRACT  

Benzotriazole compounds (BTs) are an emerging class of environmental 

pollutants used in a wide range of industrial applications. Benzotriazole (BTri) and 5-

Methylbenzotriazole (5-MeBT) have recently been detected in water supplies around 

the world, and are thus attracting the attention of many environmental researchers. 

The focus of this review is on assessing contemporary methods to detect BTs using 

high-performance liquid chromatography (HPLC), and providing information regarding 

their occurrence, degradation and toxicity within the environment. 

Keywords: benzotriazole; 5-methylbenzotriazole; occurrence; toxicity; degradation; 

analysis 
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1. Introduction 
 

Benzotriazoles (BTs) are a class of compounds consisting of benzene ring fused 

to a five membered ring containing three nitrogen atoms. As well as the parent 

benzotriazole (BTri) there are a range of BTri derivatives such as 5,6-

dimethylbenzotriazole (XTri), 5-Methylbenzotriazole (5-MeBT), 4-Methylbenzotriazole 

(4-MeBT) and 5-chlorobenzotriazole (CBT).  The benzotriazole compounds have been 

classified as high production volume (HPV) substances (USEPA, 2011 ). BTri and 5-

MeBT are the most used BTs in industrial processes and household detergents (Hart et 

al., 2004), as well as detected globally within the environment. Therefore, BTri and 5-

MeBT are the main focus of this review. 

Many everyday products contain BT compounds, and contribute to the 

presence of these contaminants in the environment, especially water supplies (Fawell 

and Ong, 2012; Zwiener and Frimmel, 2004). To quantify these contaminants in water 

bodies, it is necessary to understand the environmental forces and human behaviors 

that lead to these pollutants entering water bodies. To reduce their impact in the 

environment, it is important to understand their chemical fate so appropriate 

remediation techniques can be applied. This is particularly important, as BTs are 

potentially harmful to human health and other living organisms (Sorahan, 2009).  

1.1. BTs properties 

The chemical and physical properties BTri and 5-MeBT are illustrated in Table 1. 

Both BTri and 5-MeBT are highly polar substances with log Kow1.23 and 1.89, 

respectively; having pKa values between 8.2 and 8.5 (Hart et al., 2004). BTri and 5-

MeBT tend to be non-ionic under neutral pH conditions, but  dissociate under basic 

conditions (Reemtsma et al., 2010). As BTs have low volatility, they may persist in the 

aquatic environment for long periods of time (Kim et al., 2011a). Moreover, they 

display a strong resistance to oxidation under environmental conditions, and are stable 

under moderate UV irradiation, and are not rapidly biodegraded (Kim et al., 2011a; Liu 

et al., 2011b; Malhas et al., 2007; Wu et al., 1998). These properties make BTs difficult  
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to remove through conventional wastewater treatment plants (Janna et al., 2011; 

Reemtsma et al., 2006; Weiss and Reemtsma, 2005).  

 

Table 1- Chemical structure and relevant properties of BTri and 5-MeBT. 

 

Common name 

 

Benzotriazole (BTri), 

1H-Benzotriazole 

 

5-Methylbenzotriazole (5-MeBT), 

5-Tolylitriazole (5-Trri) 

 

References 

 

Chemical structure 

 N
N

N

H

 H3C N
N

N

H

 

 

 

CAS No. 

 

95_14_7 

 

136_85_6 

 

Log Kow 1.23 1.89 (Hart et al., 2004) 

Log Koc 1.02 1.68 (Hart et al., 2004) 

Melting point (°C) 98-99
o
C 76-87

o
C (Castro et al., 2005) 

pKa (conjugated acid) 8.2 8.5 (Hart et al., 2004) 

Vapour pressure (°C) 0.04 mmHg  0.03mmHg (Castro et al., 2005) 

Solubility in water 28 g L
-1

 7 g L
-1

 (Giger et al., 2006) 

Solubility in methanol 1.33 g L
-1

 1.16 g L
-1

 (Castro et al., 2005) 

Refractive index 1.73                     1.68 (Malhas et al., 2007) 

Henry’s low coefficient (at 25 °C) 

 

       3.17 × 10 
-7 

m
3
/mol            3.14 × 10 

-7 
m

3
/mol (Castro et al., 2005) 

 

1.2. Applications of BTri and 5-MeBT  

The usage of BTri in the United States exceeds 9000 tons per annum (Liu et al., 

2011c). The main applications of BTs are as de-icing/anti-icing fluids (ADAFs), corrosion 

inhibitors, ultraviolet light stabilizers, photography industry agents, and as anti-fogging 

agents (Pervova et al., 2010). BTs are highly concentrated within ADAFs, which are  
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becoming increasingly used on aircraft runways due to their nonflammable and anti-

corrosion properties (Barr and Aust, 1994; Cancilla et al., 1997; Capdevila et al., 1990; 

Giger, 2009; Scheurer et al., 2011; Voutsa et al., 2006; Yang et al., 2011). It is estimated 

that 80% of ADAFs remain in location after aircraft take-off and this is believed to 

represent one of the largest causes of BTs contamination (Giger, 2009; Sahar et al., 

2011). The increased use of ADAFs in the coldest months of the year may explain 

findings of higher BTs detection in the winter months (Cancilla et al., 1998; Corsi et al., 

2006a; Corsi et al., 2003; Giger et al., 2006). ADAFs are widely used in areas 

experiencing colder climates  to maintain snow-free roads and runways (Jia et al., 

2006). BTri and 5-MeBT were determined at an Alaskan airport in snow and snowmelt 

runoff samples at concentrations of 310 ng L-1 and 4490 ng L-1, respectively (Hagedorn 

et al., 2013). In Australia, ADAFs are not used and the source of BTri and 5-MeBT in the 

environment has been linked to domestic and industrial washing detergent 

formulations (Liu et al., 2011c; Liu et al., 2012).  For example, BTs are included in dish 

washer tablets (Janna et al., 2011; Kiss and Fries, 2012; Vetter and Lorenz, 2012). 

BTs are also effective corrosion inhibitors due to their ability to form a thin 

protective film on metallic surfaces (Kadar et al., 2010; Kim et al., 2011b; Rajak et al., 

2011). For this reason, BTs are used as anticorrosion agents in metalworking fluids and 

can be found in many coolants and lubricants. Likewise, BTs are also used as stabilizers 

to reduce degeneration and yellowing of product materials. Hence, they are utilised in 

everyday plastics, automobile components, building materials, paint, skin creams, and 

shampoos (Zhang et al., 2011). Collectively, it is evident that several, if not all, of the 

above sources may contribute to the abundance of BTs in some environments.  

2. Occurrence of BTri and 5-MeBT  

The presence of BTs has been identified in almost all environmental river 

water, groundwater, drinking water, wastewater and soil including human samples 

(Asimakopoulos et al., 2013b; Janna et al., 2011; Reemtsma et al., 2006; Weiss and 

Reemtsma, 2005). A summary of benzotriazoles occurrence in various environments 

around the world is tabulated in Table 2.  
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2.1. BTri and 5-MeBT in Rivers 

Kiss and Fries (2009) studied temporal and seasonal patterns of BTri in river 

water at sites in Germany and Switzerland. The longitudinal study involved gathering 

extensive data from three rivers (Main, Hengstbach and Hegbach), each close to 

Frankfurt International Airport. The temporal and spatial variability of BTri and 5-MeBT 

levels were monitored. It was found that the Main River  had the greatest mass flow 

(concentrations of BTri and 5-MeBT multiplied by the mean daily river flow volume) 

(Kiss and Fries, 2009). Studies in the United States and Switzerland found that the use 

of BTs within ADAFs and anti-corrosive agents result in high BTri and 5MeBT 

concentrations in water bodies (McNeill and Cancilla, 2009; Voutsa et al., 2006). The 

Swiss study found the reported concentrations of BTs up to 100 µg L-1 in river water 

samples.   

The median concentration of BTri in samples from European rivers has been 

reported as 0.5 µg L-1 (Reemtsma et al., 2006). In samples taken from Switzerland’s 

Glatt River, 5-MeBT was found at concentrations up to 6.3 µg L-1 (Giger et al., 2006). 

Researchers have indicated the relevance of seasonal variance of ADAF use and its 

effect on overall concentrations BTs detected. Samples taken from two locations of the 

Glatt River within close proximity of Zurich Airport during the winter (2003–2004) 

strongly correlate ADAF use and contaminant concentration (Giger et al., 2006). 

Nearby, the findings were similar, as the Spree River in Germany and Greifensee lake in 

Switzerland were found to contain similar concentrations of BTri (2.7 µg L-1; 1.07 µg L-1 

) and 5-MeBT (0.2 µg L-1; 0.23 µg L-1 ) (Giger et al., 2006; Weiss et al., 2006). For 

example, in a study conducted by Kiss and Fries (2009), the Hegbach River in Germany 

was found to contain BTri and 5-MeBT. However the river received no direct water 

effluent to account for the presence of the compounds, therefore, the detection of 

these river contaminants was attributed to controlled over-runs of wastewater sewers, 

atmospheric deposition and even the extraction of groundwater containing the 

pollutant  
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2.2. BTri and 5-MeBT in groundwater  

A study was conducted evaluating 59 persistent pollutants in Europe 

comprising pharmaceuticals, antibiotics, pesticides, perfluorinated acids, hormones, 

alkylphenolics, caffeine, Triclosan, and BTri and 5-MeBT (Loos et al., 2010).  In this 

study, 164 groundwater samples were collected from 23 nations, of which BTri and 5-

MeBT were detected in approximately 53% of all samples. The maximum 

concentrations of the compounds were 1032 ng L-1 and 516 ng L-1. In another study, 

eight BTri samples and five 5-MeBT samples had concentrations that exceeded the 

European Groundwater Quality standard (Loos et al., 2009). 

2.3. BTri and 5-MeBT in drinking water 

The occurrence of benzotriazoles contamination within sources of drinking 

water is of concern. European studies found that BTs are continuously emitted, finding 

their way through wastewater treatments, accumulating in subsoil and travelling 

through aquifers used for drinking water (Reemtsma et al., 2010; Weiss and 

Reemtsma, 2005). Likewise, drinking water samples in Netherlands, the United 

Kingdom, and Germany have contained detectable levels of BTs (Janna et al., 2011; van 

Leerdam et al., 2009; Vetter and Lorenz, 2012).  

 2.4. BTri and 5-MeBT in wastewater 

Many studies around the world indicate that sewer systems are a possible 

source of BTri and 5-MeBT introduction into natural water bodies (Kiss and Fries, 2009; 

Weiss et al., 2006). Studies conducted across Western Europe found BTri (2.9 µg L-1) in 

the effluents of wastewater treatment plants and municipal wastewater  (Weiss et al., 

2006). BTri and 5-MeBT are not effectively removed from wastewater treatment plant 

effluents leading to their entrance into waterways through waste dispersal systems 

and many studies regarding their long-term detrimental effects have been reported 

(Castro et al., 2005; Corsi et al., 2006a; Jia et al., 2006; Kiss and Fries, 2009; Ternes and 

von Gunten, 2010; Weiss et al., 2006). In South Australia, BTri and 5-MeBT were  
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detected in municipal wastewater treatment plants at concentrations of 0.928–5.706 

μg L-1 (BTri) and 1.438 –6.758 μg L-1 (5-MeBT) (Liu et al., 2012).  

 Traces of BTri and 5-MeBT in raw wastewater collected from Denmark and Spain 

ranged from 0.2 to 2.2 μg L-1 and 0.06 to 36.2 μg L-1, respectively. Interestingly, the 

removal efficiency for BTri was found to be higher (83–90%) for constructed wetland 

treatments than in conventional wastewater treatment plants (~65–70%). This was 

attributed to greater biodegradation, photo degradation and plant uptake (Matamoros 

et al., 2010a).  

2.5. BTri and 5-MeBT in soils  

Studies have reported BTri concentrations in soil along airport runways (0.33 

mg kg-1), snow disposal sites (0.66 mg kg-1) and sediment in drainage ditches (13 mg kg-

1) (Breedveld et al., 2003). Most airports that apply anti-icing chemicals or agents for 

aircrafts have to develop collection systems to recycle spills (Matamoros et al., 2010b). 

However, the levels of BTs in many soil samples taken alongside airports appear to 

indicate these collection systems are inefficient (Cancilla et al., 2003b; Jia et al., 2006; 

McNeill and Cancilla, 2009).  

BTri and 5-MeBT in soil sediments in China and Japan have been reported by 

researchers (Nakata et al., 2009; Zhang et al., 2011). The Chinese study looked at the 

concentration of BTs in sediment samples collected from the Songhua and Saginaw 

Rivers and sewage sludge collected from northeast China. BTri was detected at several 

to several hundred nano-gram-per-gram concentrations in sediment samples (Zhang et 

al., 2011). In Japan, the highest concentrations of BTs reported in sediments were from 

the Ariake Sea, at 6.3 ng g-1, similar to those found in the Songhua River sediment in 

the Chinese study (Nakata et al., 2009).   
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Table 2- Summary of the research reported on the occurrence of benzotriazole compounds in the environment. 

Sample type Analyzed compounds Observed concentrations 

(ng L
-1

) or (ng/k
-1

) soil   

References 

Municipal wastewater, river water BTri, 5-MeBT, 4-MeBT 50-18000 (Reemtsma et al., 2010) 

Ground water BTri, 5-MeBT, 4-MeBT nd-3100 (Cancilla et al., 2003b) 

Soil BTri, 5-MeBT, 4-MeBT nd–3930000 (Cancilla et al., 2003b) 

Snowbanks, snowmelt 5-MeBT, 4-MeBT nd-2150 (Corsi et al., 2006b) 

Raw wastewater BTri, 5-MeBT, 4-MeBT 60-3620 (Matamoros et al., 2010a) 

Ground water BTri, 1-1032 (Loos et al., 2010) 

Municipal wastewater BTri, 5-MeBT, 4-MeBT, 

XTri, CBT 

928-6758 (Liu et al., 2012) 

Ground water, airport, drainage 

water 

BTri 1200–1100000 (Breedveld et al., 2003) 

Soil and sediment BTri nd-13000000 (Breedveld et al., 2002) 

Lake water, river water BTri, 5-MeBT, 4-MeBT, XTri nd- 198000 (Cancilla et al., 1997) 

Ground water BTri, 5-MeBT Nd-126000000 (Cancilla et al., 1998) 

Municipal wastewater, river water BTri, 5-MeBT, 4-MeBT, XTri 10-5440 (Giger et al., 2006) 

Municipal wastewater, river water BTri, 5-MeBT, 4-MeBT, XTri 10000-100000 (Voutsa et al., 2006) 

Municipal wastewater BTri, 5-MeBT, 4-MeBT, XTri nd- 22000 (Weiss et al., 2006; Weiss 

and Reemtsma, 2005) 

Municipal wastewater BTri, 5-MeBT, 4-MeBT, XTri 925-17153 (Jover et al., 2009) 

Municipal wastewater BTri, 5-MeBT, 4-MeBT, XTri 77-2206 (Liu et al., 2011c) 

Soil BTri, 5-MeBT, 4-MeBT 2350-424190 (McNeill and Cancilla, 

2009) 

Sediment and Sludge BTri, 5-MeBT nd-198000 (Zhang et al., 2011) 

Sewage effluent and surface water BTri, 5-MeBT, 4-MeBT, XTri 10-8000  (van Leerdam et al., 2009) 

Sewage effluent and river water BTri, 5-MeBT 13-5700 (Janna et al., 2011) 

River water BTri, 5-MeBT, 4-MeBT 25-1474 (Kiss and Fries, 2009) 

River water BTri, 5-MeBT, 4-MeBT 536-1425 (Kiss and Fries, 2012) 

River sediment BTri 7900-72000 (Nakata et al., 2009) 

River sediment BTri 7900-72000 (Malhas et al., 2007) 

Municipal wastewater BTri, 5-MeBT, CBT, XTri nd-6758 (Liu et al., 2012) 

Snow, melt water BTri, 5-MeBT, 4-MeBT nd-4490 (Hagedorn et al., 2013) 

Wastewater/sludge BTri, 5-MeBT, 4-MeBT, XTri nd-174 (Asimakopoulos et al., 

2013a) 

Raw water BTri 11-7270 (Stasinakis et al., 2013) 

*nd: not detected according to the limit of detection (LOD) by analytical methods adopted. 
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2.6. BTri and 5-MeBT in dust 

BTri and 5-MeBT have been recently identified in indoor dust samples across 

four countries, the U.S., Japan, Korea, and China (Wang et al., 2013). In this study, 158 

samples were collected to investigate BTs occurrence and subsequent human 

exposure to them. Findings indicated benzotriazoles presence in all indoor dust 

samples. The daily average intake of BTs was lower in individuals living in China, in 

comparison to other countries, yet China also illustrated the highest individual sample 

concentration (200 ng g-1); (Wang et al., 2013). The source of BTri and 5-MeBT in dust 

samples could be a result of atmospheric deposition (Kiss and Fries, 2009).  

2.7. BTri and 5-MeBT in Humans 

While the impact of BTs on human health is still largely unknown, they have 

been recently detected in human urine samples at concentrations of 3.37 ng ml-1 (5-

MeBT) and 9.78 ng ml-1 (BTri) (Asimakopoulos et al., 2012). Another study evaluating 

the presence of BTs in human urine samples across several countries (USA, China, 

Japan, Korea, India, Greece and Vietnam), found that USA and Greece represented the 

lowest frequency in comparison to other countries. In contrast, Vietnam displayed the 

highest rate of detection, showing presence in 100% of samples (Asimakopoulos et al., 

2013b). Whether or not BTs are damaging to human health is yet to be ascertained, 

however one thing is very clear, BTs are accumulating in humans as a result of their 

abundance within the environment.  

3. Toxicity of BTri and 5-MeBT  

The risk of BTs contamination of drinking water has led experts to offer 

guidelines on maximum benzotriazole concentrations in water bodies of 0.1 mg L-1 

cited in  (Cancilla et al., 1997). In Australia, the maximum permissible concentration of 

5-MeBT in drinking water is 7 ng L-1 (NRMMC, 2008). The concerns about high 

concentrations of these compounds and their toxicity were echoed in discussions 

following a study by Cancilla and colleagues (1998) of BTri and 5-MeBT concentrations  
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in water samples gathered from underneath a large airport. In this study, BTri was 

estimated to have a concentration as high as 126 mg L-1, and 5-MeBT as high as 17 mg 

L-1 (Cancilla et al., 1998). These concentrations are substantially higher than the 

concentrations believed to be fatally toxic to invertebrates, fish and bacteria 

dependent on these water bodies for survival (Cornell et al., 2000; Hartwell et al., 

1995). Several authors have pointed out the need for more research to be conducted 

on the chronic toxic effects of BTs (Harris et al., 2007b; Janna et al., 2011; Kadar et al., 

2010). Additionally, Kiss and Fries (2012), stated that caution should be taken in 

making any conclusions about environmental risk assessments. A summary of 

published BTs aquatic toxicity on microorganisms is presented in Table 3. 

3.1. Toxicity of BTri and 5-MeBT to Microorganisms 

The toxicity of BTri and 5-MeBT on bacteria has been tested by a number of 

researchers (Cancilla et al., 1997; Pillard et al., 2001). 5-MeBT has been reported to 

exhibit the strongest adverse effects on microorganisms (Pillard et al., 2001). Studies 

using the commonly employed Microtox® assay to test toxicity showed the presence of 

BTri and 5-MeBT to be toxic to a wide range of luminescent bacteria (Cancilla et al., 

1997; Pillard et al., 2001). Likewise, fathead minnows (Pimephalespromelas), water 

fleas (Ceriodaphniadubia), and certain bacteria types have been tested for their 

tolerance and behavior to BTri and 5-MeBT. The most vulnerable species are reported 

to be the rod-shaped bacterium Microtox® (Vibrio fischeri). In a more recent study, the 

toxicity of BTri and 5-MeBT to aquatic organisms and water plants has been further 

elucidated (Seeland et al., 2012).  

BTs have been shown as highly toxic to many living organisms (Cancilla et al., 

1997; Matamoros et al., 2010b; Pillard et al., 2001). This toxicity of BTs to living 

organisms may potentially lead to long term persistence, particularly, within the 

aquatic environment due to limited biodegradation (Cancilla et al., 2003a; Corsi et al., 

2006a; Kim et al., 2011a). Environmental experts have specified maximum 

concentrations of BTs to ensure safe levels compatible with aquatic life (Cornell et al., 

2000; Hartwell et al., 1995). Studies are suggestive that the mortality rate of aquatic  
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life in a contaminated environment was higher after 96 hours than after 48 hours, 

indicting an aquatic toxic effect on fish and other life forms (Kadar et al., 2010). 

3.2. Toxicity of BTri and 5-MeBT and abnormal cellular function 

The presence of BTs in water bodies can cause an increase in the likelihood of 

abnormal cellular function. The synthesis of RNA, proteins, and enzymes is hindered by 

the presence of BTs, and this is especially noticeable in the nervous systems and 

endocrine systems of organisms. The high level of similarity between indole, guanine, 

and adenine is one of the reasons that the presence of BTs can hamper vital survival 

processes of living organisms (Corsi et al., 2006a). 

3.3. Toxicity of BTri and 5-MeBT for terrestrial mammals 

Evidence supporting the toxicity of BTri and 5-MeBT to terrestrial mammals 

such as rats, has been verified by a number of researchers (Hem et al., 2000; Sills et al., 

1999; Weiss et al., 2006). In a two-year study of nine suspected carcinogens, one of 

which was BTri, it was found that exposure to BTri over time led to brain tumors in a 

large proportion of rats exposed at 8 mg L-1 (Sills et al., 1999). 

Anti-estrogenic activity has been linked to BTri presence (Harris et al., 2007b). 

This activity, while not found utilizing in vivo assays of  adult fathead minnows 

(Pimephalespromelas), has been found using an in vitro yeast assay exploiting a 

recombinant yeast (Harris et al., 2007b). 
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Table 3 –Summary of the research reported on BTs aquatic toxicity on microorganisms. 

Species Substance Exposure 
concentration 
(mg L

-1
) 

Effects (mg L
-1

) 

 

Test 
length 

References 

Microtox® 5-MeBT 0-600 EC50 6-8 15 min (Cornell et al., 2000) 
Microtox® BTri,5-MeBT, 4-MeBT, 

XTri, BBT 
0-600 EC50 0.88-21 15 min (Pillard et al., 2001) 

Microtox® BTri, 5-MeBT, XTri 0-600 EC50 0.8-42 15 min (Cancilla et al., 1997) 
Microtox® BTri, 5-MeBT, XTri 0-600 EC50 0.7-41 5 min (Cancilla et al., 1997) 

Ceriodaphnia dubia  0-600 LC50 18-109 48 h (Cornell et al., 2000) 

Ceriodaphnia dubia BTri,5-MeBT, 4-MeBT, 
XTri, BBT 

0-600 NOAEC 0.5-92 48 h (Pillard et al., 2001) 

Ceriodaphnia dubia BTri,5-MeBT, 4-MeBT, 
XTri, BBT 

0-600 LOAEC 1-190 48 h (Pillard et al., 2001) 

Ceriodaphnia dubia BTri,5-MeBT, 4-MeBT, 
XTri, BBT 

0-600 LC50 1.1-118 48 h (Pillard et al., 2001) 

Pimephales promelas  0-188 LC50 8-65 96 h (Cornell et al., 2000) 

Pimephales promelas BTri,5-MeBT, 4-MeBT, 
XTri, BBT 

0-188 LC50 3.3-65 96 h (Pillard et al., 2001) 

Pimephales promelas BTri,5-MeBT, 4-MeBT, 
XTri, BBT 

0-188 NOAEC 2.4-47 96 h (Pillard et al., 2001) 

Pimephales promelas BTri,5-MeBT, 4-MeBT, 
XTri, BBT 

0-188 LOAEC 5-95 96 h (Pillard et al., 2001) 

Daphnia magna BTri 1.18-2.86 EC50 97-119 48 h (Seeland et al., 2012) 

Daphnia magna BTri 1.18-2.86 EC10 62.0-103 48 h (Seeland et al., 2012) 

Daphnia magna  5-MeBT 1.18-2.86 EC50 49.7-53.6 48 h (Seeland et al., 2012) 

Daphnia magna 5-MeBT 1.18-2.86 EC10 30.7-57.4 48 h (Seeland et al., 2012) 

Daphnia galeata BTri 1.18-2.86 EC50 13.6-18.3 48 h (Seeland et al., 2012) 

Daphnia galeata BTri 1.18-2.86 EC10 6.32-11.6 48 h (Seeland et al., 2012) 

Daphnia galeata  5-MeBT 1.18-2.86 EC50 7.71-9.55 48 h (Seeland et al., 2012) 

Daphnia galeata 5-MeBT 1.18-2.86 EC10 3.2-5.43 48 h (Seeland et al., 2012) 

Microtox® 5-MeBT 2.5-5 EC50 4.18-4.35 15 min (Corsi et al., 2006a) 
Microtox® 5-MeBT, 5-MeBT 2.5-5 EC50 5.78-6.55 15 min (Corsi et al., 2006a) 

Pimephales promelas 5-MeBT 2.5-5 LC50 20.5-23.5 96 h (Corsi et al., 2006a) 

Pimephales promelas 5-MeBT, 5-MeBT 2.5-5 LC50 27.3-33.1 96 h (Corsi et al., 2006a) 

Ceriodaphnia dubia 5-MeBT 2.5-5 LC50 70.3-95.1 24 h (Corsi et al., 2006a) 

Ceriodaphnia dubia 5-MeBT, 5-MeBT 2.5-5 LC50 67.4-96.6 24 h (Corsi et al., 2006a) 

Ciona intestinalis 
 

BTri 0-100 NOAEC 0.32-10 48 h (Kadar et al., 2010) 

Ciona intestinalis BTri 0-100 LOAEC 10-32 48 h (Kadar et al., 2010) 
Note: EC50 = concentration causing a 50% reduction in light production by the Microtox bacteria EC10 = 
concentration causing a 10% reduction in light production by the Microtox bacteria, LC50 = concentration causing 
50% mortality in the test organisms, NOAEC= No Observed Adverse Effect Concentration, LOAEC= Lowest Observed 
Adverse Effect Concentration and BBT= butylbenzotriazole. 
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3.4. Toxicity of BTri and 5-MeBT to plants 

In response to concerns on the long term effect of BTri exposure on plants, a 

handful of studies have been carried out to better understand this area (Castro et al., 

2005). Copper chelation caused by BTri is believed to be a factor causing wheat to 

exhibit male sterility (Graham, 1986). Growth of root systems of complex vegetation 

are dramatically hindered in the presence of BTri (Castro et al., 2001).  

For example, sunflower (Helianthus annuus) and grass (Festuca arundinacea K-

31 cultivar) plants were found to be able to grow normally, with only slight yellowing 

of leaves, when irrigated with BTs in concentration of 25 mg L-1. The plants survived in 

concentration of 50 mg L-1, but in concentration of 100 mg L-1 the plants growth was 

stunted (Castro et al., 2001; Castro et al., 2005). There is a link between plant damage 

caused by toxicity and aqueous environments in which the concentration of 5-MeBT is 

greater than 100 mg L-1 (Castro et al., 2001). In addition, toxicity of BTs to white rot 

fungus and horseradish plants has been observed. For example, the horseradish plants 

were found to be adversely effected when exposed to BTs in concentration > 0.1 mg L-1 

(Wu et al., 1998). 

4. Removal mechanisms of contaminants in aquatic environment  

The major removal mechanisms for contaminants that emerge in aquatic 

environment are sorption and biodegradation (Hollender et al., 2008a). While these 

two processes are commonly employed in wastewater treatment plants, they are less 

effective for compounds of a polar nature such as BTs. A summary of research 

reported BTri and 5-MeBT biodegradation under several reduction conditions is 

represented in Table 4. 

4.1. Sorption as a removal mechanism of BTri and 5-MeBT 

In general, there are four widely accepted mechanisms of sorption, including: 

(i) hydrophobic interactions between organic compounds, (ii) electronic transfer and  
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ion exchange, (iii) absorption through intraparticle diffusion, and (iv), individually 

weak, yet collectively strong hydrogen bonding (Hart et al., 2004). 

 Hydrophobicity has been considered as the major driving factor on BTs 

sorption on soil (Hart et al., 2004). Hydrophobicity of BTri and 5-MeBT can be assessed 

using the logarithm of the sorption partition coefficient [log Koc] in soil, which equaled 

1.02 and 1.68 for BTri and 5-MeBT, respectively (Hart et al., 2004). At high pH the 

hydrophobicity partitioning was restricted by the dipole moment of BTs. This suggests 

that the BTs sorption to soil is complex due to  the driving forces (e.g. dipole moment 

and hydrophobicity) of BTs molecular as well as its different hydrogen binding sites, 

absorption and adsorbtion (Hart et al., 2004).  

Sorption of BTri and 5-MeBT has been investigated in six different soil samples: 

clay soil, peat, compost, and three sandy soil types (Breedveld et al., 2003). While BTs 

tend not to sorb to mineral soils, they did exhibit greater sorption to compost, peat, 

and the organic rich soils. This was attributed to the fact that BTri and 5-MeBT have a 

relatively high affinity for organic carbon, explaining why BTs tend to be found in 

higher concentrations in wetland and sediment samples (Breedveld et al., 2003). The 

pH of the tested soils, compost and peat were 7 and 3 respectively and that found with 

BTri pKa of 8.6 exists in acidic soils (Breedveld et al., 2003). The dissociation and 

uptake of the anion forms of BTs in response to exposure to basic conditions has also 

been reported (Reemtsma et al., 2010). The outcomes support the assumption that 

BTri sorption is hydrophobic in nature under neutral conditions (Breedveld et al., 2003; 

Jafvert, 1990). While the sorption of BTri and 5-MeBT compounds in soils, particularly 

sandy soils, is low, sorption of BTs are believed to be much greater in subsoil and 

groundwater, perhaps due to the higher amount of organic matter (Breedveld et al., 

2003). 

As BTs are commonly used as corrosion inhibitors requiring chemical reaction 

with metal surfaces it is expected that these contaminants may sorb to iron (Breedveld 

et al., 2003). However, findings from studies on the sorption of BTs relation to iron 

show mixed results (Breedveld et al., 2003). Some studies that have found that  
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increasing the iron content in soils does not lead to an improvement of the sorption of 

BTs (Breedveld et al., 2003), while, other studies suggest that this is not always the 

case and note that BTs feature a rather complex sorption character in relation to 

metallic iron. For example, one study was conducted using subsoil samples taken from 

the former Oslo Airport (Jia et al., 2007a). Laboratory column studies on this soil and 

with  granular zero-valent iron were performed to determine possible aquifer 

remediation processes (Jia et al., 2007a).The analysis revealed that BTs showed limited 

retardation with the subsoil (Jia et al., 2007a). This was further tested with additional 

BTs added to the subsoil column, and no observable retardation was recorded (Jia et 

al., 2007a). In contrast, the iron column analysis revealed considerable retardation of 

BTs. As BTs passed through the iron column, up to 55 % of the compound remained 

within the column (Jia et al., 2007a). This study also revealed that chloride was a 

catalyst aiding the sorption with lower break-through of BTs concentration (i.e the C/C0 

plateau) through the iron barrier (Jia et al., 2007a). The study found that the BTs 

contaminant retained in the iron column did desorb gradually. After the column was 

flushed with 755 pore volumes of clean water, 7.5 % of the BTs was found to remain 

within the column (Jia et al., 2007a).  

4.2. Biodegradation as a removal mechanism of BTri and 5-MeBT  

The toxicity of BTs to organisms living in soils can threaten groundwater quality 

either by their contaminant properties or by hindering microbial activity degrading 

other organic compounds (Jia et al., 2006; Jia et al., 2007b). The resistance of BTs to 

biodegradation coupled with their high toxicity can cause long-term effects in the 

environment (Andreozzi et al., 1998; Breedveld et al., 2002; Breedveld et al., 2003; Wu 

et al., 1998). The microbial degradation of BTri or 5-MeBT under aerobic and anaerobic 

groundwater conditions have been  investigated, although indications of successful 

degradation in groundwater have not been substantiated (Breedveld et al., 2002; 

Breedveld et al., 2003).  
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While different soil conditions such as moisture, pH and fresh organic content 

have a limited influence on the biodegradation of BTri, an increase in temperature has 

been found to encourage biodegradation (Cheng et al., 2006; Puttanna et al., 1999). In 

one study, an increase in temperature from ambient, ~18 °C, to 55 °C increased the 

biodegradation rate of the BTri, particularly within the first 48 hours (Cheng et al., 

2006).  

Together with increases in temperature, biodegradation of BTri also appears to 

increase when a diverse microbial population is employed, compared with a less 

diverse microbial community (Cheng et al., 2006). Environments with lower carbon 

loadings were more favorable to biodegradation of BT contaminants (Cheng et al., 

2006). 

The degradation of BTri under aerobic and anaerobic conditions has been 

investigated in a number of studies using batch reactors (Gruden et al., 2001; Jia et al., 

2006; Tham and Kennedy, 2005). In one study, batch reactors were inoculated with 

micro flora. BTri at 1 mg L-1 was then added to the batch reactors. To study anaerobic 

conditions, benzoate and glycol were added to facilitate oxygen consumption 

(Breedveld et al., 2002). A control test was simultaneously undertaken under aerobic 

conditions, with copper sulfate as a biocide (Breedveld et al., 2002). Under anaerobic 

conditions for five months, there was no BTri degradation (Breedveld et al., 2002), but 

under aerobic conditions a decrease in BTri was noted (Breedveld et al., 2002). 

However, as the same reduction was observed in the control, it was concluded that 

evaporation of BTri during aeration was probably the main cause of the decrease and 

that BTri does not biodegrade easily regardless of the environmental conditions 

(Breedveld et al., 2002). 

Another biodegradation study of BTs under anaerobic and aerobic conditions 

recently undertaken in South Australia found that aerobic conditions lead to more 

efficient biodegradation of BTs (Liu et al., 2011a). The researchers reported that the 

half-life in aerobic conditions was 114 days for BTri and the half-life of 5-MeBT was 14 

days. The condition of terminal electron-acceptors in different aqueous solutions was 

reported as an important determinant of biodegradation efficiency (Liu et al., 2011a). 
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Table 4- Summary of the research published on BTri and 5-MeBT biodegradation under different 
environmental conditions. 

Compound condition half-life (t1/2 /day) Reference 

BTri Aerobic 43 ± 4.8
a
 (Liu et al., 2011a) 

 Anaerobic control 57 ± 5.8
 a

 (Liu et al., 2011a) 

 Nitrate reducing 76 ± 6.7
 a

 (Liu et al., 2011a) 

 Sulfate reducing 83 ± 5.6
 a

 (Liu et al., 2011a) 

 Fe (III) Reducing 47 ± 6.6
 a

 (Liu et al., 2011a) 

5-MeBT Aerobic 31 ± 3.9 (Liu et al., 2011a) 

 Anaerobic control 59 ± 5.4 (Liu et al., 2011a) 

 Nitrate reducing 60 ± 4.8 (Liu et al., 2011a) 

 Sulfate reducing 76 ± 7.8 (Liu et al., 2011a) 

 Fe (III) Reducing 39 ± 3.6 (Liu et al., 2011a) 

BTri Aerobic 114 (Liu et al., 2013) 

 Anaerobic control 144 (Liu et al., 2013) 

 Nitrate reducing 239 (Liu et al., 2013) 

 Sulfate reducing 315 (Liu et al., 2013) 

 Fe (III) Reducing 165 (Liu et al., 2013) 

5-MeBT Aerobic 14 (Liu et al., 2013) 

 Anaerobic control 57 (Liu et al., 2013) 

 Nitrate reducing 128 (Liu et al., 2013) 

 Sulfate reducing 88 (Liu et al., 2013) 

 Fe (III) Reducing 41 (Liu et al., 2013) 

 

4.3. Chemical treatment processes 

As biodegradation and sorption and may not provide satisfactory means of 

eliminating BT contaminants, other, treatment processes, such as chemical 

degradation have come under consideration (Chen et al., 2010; Gruden et al., 2001; 

Kazanskii and Selyaninov, 2010; Wan et al., 2010).  
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4.3.1. Ultraviolet (UV) and ozone degradation treatment processes  

4.3.1.1. Photolysis as a removal mechanism  

Photolysis is a treatment used to photo-degrade emerging contaminants by 

light. Its effectiveness will depend on the contaminant’s structural properties, the pH, 

and oxygen concentrations of the media in which the contaminant exists (Lin and 

Reinhard, 2005; Neamţu and Frimmel, 2006; Yamamoto et al., 2009).  

Unwanted compounds in solution will degrade to a certain limit on application 

of UV irradiation (Gruden et al., 2001). UV filters are known for their application in 

sunscreens, for protection against UV-A and UV-B (Liu et al., 2011c). Under UV 

irradiation, BTri and 5-MeBT have been found to degrade to a certain extent (Gruden 

et al., 2001) with the method leading to the formation of aniline, phenazine, and at 

least one another unknown compound (Madani et al., 2010; Pervova et al., 2010). 

Typically, studies have found that the elimination of BT contaminants using 

photochemical methods requires relatively high UV dosages (Xu et al., 2010). 

Photochemical investigations , under UV irradiation, have shown rapid decomposition 

of BTri and 5-MeBT (Xu et al., 2010).  

When BTs contaminated solutions are irradiated with UV light, the solution 

becomes coloured (Chen et al., 2010). The colour intensifies as the BT compounds are 

removed (Chen et al., 2010), resulting in a yellowish brown colour in the solution  that 

is quantified at an absorption wavelength of 410 nm. The cause of this colouration is 

believed to be the formation of intermediates from the photochemical degradation 

process. One study found that the higher the UV dose (to a maximum of 1000 

mW/cm2), the greater the levels of intermediates found in the sample and thus the 

greater the depth of colouration (Wan et al., 2010). Other studies with similar findings 

suggest that the unidentified compound, having two benzene rings, is most likely a 

condensation product of partially degraded BTri (Sahar et al., 2011). 

 



Chapter 2: Benzotriazoles in the Aquatic Environment: A Review of their Occurrence, Toxicity, Degradation and Analysis 

47 
 

 

The impact of pH on photochemical degradation of BTs has been reported in a 

number of studies (Andreozzi et al., 1998; Hem et al., 2003; Liu et al., 2011b). In one of 

the earlier studies, the maximum absorption of BTri and 5-MeBT were found to be at 

wavelength 254 nm, and the absorption varied as the solution became more acidic 

(Andreozzi et al., 1998). A likely explanation for this change in absorption is found in 

BTri’s acidic properties, with benzotriazole existing in either its ionic or non-ionic form, 

to which the latter is far more reactive with light (Andreozzi et al., 1998). Andreozzi et 

al (1998) followed on to explain that the non-ionic benzotriazole existed in higher 

quantities at lower pH levels; hence the absorption was much higher.  

An additional study investigated the effect of various UV doses on BTri 

degradation. BTri samples were irradiated using a 500 W lamp coinciding with a 

wavelength of 270 nm ± 28 nm to alter the UV dose (Hem et al., 2003). The results 

revealed that when a 320 mW/cm2 dosage at a pH of 7 was employed, removal of BTri 

from the sample was nearly two thirds (65%). At a marginally increased pH that did not 

reach 8, removal was only 15% (Hem et al., 2003). Thus, suggesting that pH may have a 

big impact on the effectiveness of UV irradiation. 

In Australia, researchers have found that solution pH affects the rate of 

photolysis as a removal mechanism for BTs (Liu et al., 2011b). When the solution 

becomes basic, the rate of photolysis decreased (Liu et al., 2011b). This study and 

others, support the finding that reducing the pH to approximately 2 is an important 

step towards improving removal efficiency (Hem et al., 2003). 

4.3.2. Ozonation as a treatment process BTs removal 

Ozone (O3) treatment is an advanced method of removing emerging 

contaminants, using advanced oxidation processes (Eddy, 2003). O3 is highly unstable 

and is an extremely reactive oxidant (Gomes and Lester, 2003), and requires O3 to be 

generated on site (Gomes and Lester, 2003). To generate ozone, air or oxygen is 

irradiated with UV radiation usually with a corona discharge (Gomes and Lester, 2003). 

Ozonation and other treatments using advanced oxidation processes are effective in  
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removing a high proportion of emerging contaminants (Giri et al., 2010; Ternes et al., 

2003). However, they work best when the contact time, pH, and temperature are all 

optimal (Yargeau and Leclair, 2008). 

Ozonation treatments and treatments using advanced oxidation processes have 

been effective in the removal of BTs (Weiss et al., 2006), with 99 % of the original 

contaminant is removed with doses of around 1.0 mg O3/mg of a dissolved organic 

carbon. However,  residual concentrations of BTs often remain using ozonation 

treatments (Hollender et al., 2008a). 

5. Analytical techniques and sample preparation for determination of BTs 

The most common analytical techniques for determining benzotriazole 

compounds concentrations within environmental samples are Liquid Chromatography 

Mass Spectrometry (LC-MS) and Gas Chromatography Mass Spectrometry (GC-MS). 

Generally, with environmental samples require pre-concentration such as solid phase 

extraction (SPE) before analysis.  

5.1. Sample preparation 

Extraction is sometimes referred to as sample enrichment, and is a necessary 

step when BTs concentrations of less than 200 ng L-1 are to be quantified (Jover et al., 

2009; Weiss and Reemtsma, 2005). It can be achieved through liquid/liquid separation 

or solid phase extraction (SPE). The properties of the target compound to be analyzed 

and the sample matrix will determine which of the two extraction approaches are 

used. SPE is gaining popularity as the preferred preparation technique. This is due to 

problems that have occurred with incomplete phase extraction separations, disposal of 

large amounts of organic solvents, breakage of glassware, and poor recoveries, that 

are associated with liquid/liquid separation of BTs (Malhas et al., 2007; van Leerdam et 

al., 2009). SPE is also more efficient due to its rapid completion when compared with 

liquid/liquid for BTs separation (Kuznetsov et al., 2010). Table 5 provides information 

reported in earlier studies using SPE to concentrate BTri and 5-MeBT. It can be seen  
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that SPE is used for a wide range of aqueous samples, and that Waters Oasis HLB is the 

most commonly used SPE type. 

 Table 5 – Previous research reported using SPE to concentrate BTri and 5MeBT. 

Sample Type SPE Cartridge used 
Sample 
volume 

 Volume  after 
concentration 

References 

Tap water 
Wastewater  
River water 

Oasis HLB 
(500mg/ 6m

3
)  

1000 ml 
200 ml 

 

 
0.2-1 ml 

 
(Janna et al., 2011) 

Untreated waste water 
Surface water 

Oasis HLB 
(60mg) 

50 ml 450 µL (Weiss and Reemtsma, 2005) 
100 ml 

Wastewater 
Surface water 
Ground water 

Oasis HLB 
(200mg) 

50 ml 
100 mL 
50 mL 

450 µL (Reemtsma et al., 2010) 

Surface water 
Drinking water 
Ultrapure water 

Oasis HLB (5mL glass cartridges, 
200mg) 
Oasis HLB (6mL polypropylene, 
500mg  

 
1 L 
 

 
500 µL 

 
(van Leerdam et al., 2009) 

Lake water 
River water 

Oasis HLB (60 mg, 3 mL) 200 mL  (Giger et al., 2006) 

Tank water Oasis HLB (60 mg, 3 mL) 100 mL  (Harris et al., 2007b) 

River water Bond Elutppl cartridges(200 
mg/3 mL) 

 250 μL (Kiss and Fries, 2009) 

Wastewater 
River water 

Oasis HLB (60 mg, 3 mL) 25 ml 
100 ml 

 (Voutsa et al., 2006) 

Sediment samples Oasis HLB 0.5 g/6 cc 0.5_1 g of 
sediment 

1 mL 
 

(Zhang et al., 2011) 

Sludge samples Influent 
and effluent of 
wastewater 

0.05_1 g of 
sediment 
100 mL Strata-X polymeric (100 mg/6 

mL) 
20 µL (Matamoros et al., 2010a) 

River water 
Effluent from a 
wastewater treatment 
plant 
 raw sewage 

 
Strata-X 100mg polymeric SPE 

 
2.5 L 

 
100 µL 

 
(Jover et al., 2009) 

Ground water and 
effluent 

Oasis HLB 6 mL 500 mg 1 L 1000 µL (Liu et al., 2011c) 

River water Strata-X cartridge (100 mg, 6 mL) 200 mL 100 μL (Matamoros et al., 2010b) 

Ground water Oasis HLB (200mg) 1 L 500 μL (Loos et al., 2010) 
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Disk and cartridge SPE are the most common types used. The advantage of disk 

SPE is that the large surface reduces the incidence of clogging; the shortcoming is that 

more solvent is required to elute the analyte, which increases the total time required 

to elute the sample (Gomes et al., 2003). Purification, clean-up required to remove 

non-target chemicals, can be achieved by using gel permeation chromatography 

before analysis. This enables the molecules of interest to be separated from other 

molecules based on their respective sizes (Ternes et al., 2002). SPE remains a leading 

extraction and concentration approach due to its benefits of no filtration 

requirements, ease of handling, and water extraction (Richardson and Ternes, 2011). 

Using on-line SPE allows both sample manipulation and the use of organic 

solvents to be minimized, further facilitating its application in contaminant monitoring 

programs (Hernández et al., 2005). For example, when using mass spectrometry (MS) 

and performing an SPE step off-line, high sample volumes (500 mL) are used   ar  nez 

et al., 2000). When using on-line SPE with MS, sample volumes can be lower (50 mL) 

(Santos et al., 2000). When using tandem mass spectrometry (MS/MS), volumes 

processed on-line can be decreased to 10 mL or even below 5 mL and still achieve the 

required limits of detection (Hogenboom et al., 2000; Stoob et al., 2005). 

 

5.2. Analytical techniques for determination of BTs 

Generally, LC-MS is the preferred analytical technique with only a handful of 

studies reporting having conducted analyses using GC-MS (Jover et al., 2009). LC-MS 

offers additional benefits over GC-MS (Hernández et al., 2005; Hopfgartner et al., 

2004). LC-MS can make determinations based on characteristics such as whether the 

analyte is conjugated or unconjugated, whereas GC-MS is restricted to determinations 

based on volatility and molecular weight alone (de Alda and Barcelo, 2001). Also, LC-

MS can determine polar analytes without the need for derivatization (Giger, 2009; 

Halket and Zaikin, 2003b). LC-MS is not restrained by compound-of-interest-specific 

limitations, which hinder GC-MS. For example, when BTs are determined using GC,  
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irreversible sorption to the column may result in smearing or complete disappearance 

of peaks (Pervova et al., 2010). GC has another major disadvantage is that BTs are 

poorly extracted from aqueous media (Pervova et al., 2010). LC-MS has a broader 

analytical application for determination of water soluble contaminants.  

Despite the shortcomings of GC-MS, two-dimensional GC/GC has emerged as a 

powerful separation technique that offers an increase in chromatographic resolution, 

enhanced analyte detectability through cryofocusing, and chemical ordering in contour 

plots (Jover et al., 2009). This alleviates the need for tedious sample pre-treatment and 

may be a viable analytical technique for the determination of BTs in the near future 

(Jover et al., 2009). Table 6 provides information reported in studies that have used LC-

MS for the analysis of BTri and 5-MeBT. The table shows that electrospray ionization 

(ESI) is the most commonly used ion source in positive ion mode. 

 A number of studies report using LC/ time of flight (TOF)/MS and quadrupole 

mass analyzers. The table shows that of the TOF mass spectrum analysers have the 

lower limit of detection. Another advantage of the LC/TOF/MS of BTs is that it is more 

capable of providing information on contaminant quality and quantity in complex 

environmental samples (Ferrer and Thurman, 2003). ESI techniques have been applied 

widely to determine BTs in the environment (Weiss and Reemtsma, 2005). As depicted 

in Table 5, ESI appears preferable to atmospheric pressure chemical ionization (APCI) 

in terms of the number of studies utilizing the method (McNeill and Cancilla, 2009). 

However, this may merely represent the resources available to each research group. 

MS/MS permits more comprehensive assessment of contaminants such as BTri 

and 5-MeBT (Weiss and Reemtsma, 2005). In Australia, researchers have very recently 

used GC-MS/MS to determine BTs in groundwater and effluent samples obtained from 

the Bolivar sewage treatment plant in South Australia (Liu et al., 2011c).  
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Table 6– Previous research reported using LC-MS for the analysis of BTri and 5MeBT in aqueous solution samples. 

Sample Type HPLC system 

 

Type of mass 

analyzer 

Limit of detection References 

Untreated wastewater  

Treated wastewater 

LC-ESI-MS/MS 

+ ion 

TOF 33 ng L
-1

 

 

(Weiss and 

Reemtsma, 2005) 

Drinking water 

Surface water 

Ultrapurewater 

LC-ESI-MS/MS 

 + ion 

Orbitrap 

 

0.01 µg L
-1

 (van Leerdam et al., 

2009) 

Lake water  

River water  

LC-ESI-MS/MS 

+ ion 

Quadrupole 0.02 µg L
-1

 (Giger et al., 2006) 

Tank water LC-ESI-MS/MS 

+ ion 

Quadrupole µg L
-1

 (Harris et al., 2007b) 

 

Municipal wastewater 

River water 

LC-ESI-MS/MS 

+ ion 

Quadrupole µg L
-1

 (Voutsa et al., 2006) 

Sediment samples 

Sludge samples 

LC-ESI-MS/MS 

-ion 

Triple 

quadrupole 

0.05 - 100 ng mL
-1

 (Zhang et al., 2011) 

Soil LC- APCI-MS/MS 

+ion 

Turbo-Ion-

Spray 

BT= 3.1 µg kg
-1

 

5-MeBT= 2.2 µg kg
-1

 

(McNeill and 

Cancilla, 2009) 

 

A number of studies have attempted to analyze BTs using LC-MS/MS. Using SPE 

as a pretreatment method with LC-MS/MS, a technique known as SPE-LC-MS/MS, the 

limits of detection of BTs have been as low as 0.010 µgL-1 for groundwater and 0.025 

µgL-1 for untreated wastewater (Weiss and Reemtsma, 2005). Other recent studies 

have recorded limits of quantification (LOQ) for BTs as low as 5 ngL-1 (Weiss et al., 

2006). 

Interestingly, even without using an enrichment step, researchers have 

achieved a ten-fold increase in the sensitivity of surface water analysis using the 

LC/ESI/MS/MS method. This instrumental detection limit (IDL) of 2 pg allows direct 

injection into the HPLC system, avoiding time-consuming prior sample extraction 

(Weiss and Reemtsma, 2005).  
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SPE-LC/MS/MS techniques have also been used to determine BTs 

concentrations in wastewater. BTri and 4/5-MeBT (the two isomers not separated 

chromatographically and measured as a sum) were found to occur at mean levels of  

7.3 and 2.2 µgL-1 (Weiss and Reemtsma, 2005). SPE-LC-MS/MS has also been used to 

determine BTs concentrations in river and lake waters. In one study, a BTri maximum 

concentration of 6.3 µg L-1 was found in samples from the Glatt River, and a mean 

concentration of 0.1-1.2 µg L-1 in lake waters (Giger et al., 2006). 

6. Conclusion 

The presence of BTs has been identified in almost all environments including river 

water, groundwater, drinking water, wastewater, soil and in human samples. This is 

due to their low volatility, strong resistance to oxidation and limited degradation under 

environmental conditions. While there is considerable knowledge existing on the 

occurrence, sources and concentrations of BTri and 5-MeBT, information about the 

fate of these compounds in the environment is still limited. Also, due to the limited 

data on the chronic toxicity of BTri and its derivatives, caution needs to be taken 

before making conclusions in relation to the environmental risk of these compounds.  

Biodegradation of BTs under aerobic and anaerobic groundwater conditions has been 

investigated, although indications of successful degradation in groundwater have not 

been substantiated, suggesting further investigations are required. As biodegradation 

may not provide satisfactory means of reducing BTs contamination, other treatment 

processes such as Ultraviolet (UV) and ozone degradation have come under 

consideration.  

The most common analytical techniques for determining BTs within environmental 

samples are LC-MS and GC-MS with SPE pre-concentration before analysis. For 

example, the analytical technique using LC/ESI/MS/MS has achieved a detection limit 

of concentrations at 33 ng L-1 for BTri and 5-MeBT.  However, further optimization of 

the analytical methodology for detecting BTs at ultra-low concentrations is still 

required.  
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ABSTRACT 

A simplified and sensitive liquid chromatography mass spectrometry (LC-MS) method 

without requiring sample pre-concentration was successfully developed for detecting 

the occurrence of ultra-low (ng L-1) concentrations of benzotriazole (BTri), and its 

derivative 5-methyl benzotriazole (5-MeBT) in various Western Australian 

environmental water samples. The method detection limit was 2 ng L-1, providing 

similar detection limits to other more process intensive methods where pre-

concentration using solid phase extraction (SPE) was employed. 

The method was used to assess the occurrence of BTri and 5-MeBT in 

wastewater and surface water samples. Over a period of 12 months, BTri and 5-MeBT 

concentrations in secondary treated wastewater were measured, with the highest BTri 

and 5-MeBT concentrations observed during winter months at 78 ng L-1 and 21 ng L-1, 

respectively.  The method was also used to assess the removal efficiency of BTri and 5-

MeBT through an advanced water recycling plant (AWRP). While BTri was more 

persistent than 5-MeBT, both compounds were removed from the AWRP to < 10 ng L-1 

(BTri) and < 2 ng L-1 (5-MeBT), with reverse osmosis (RO) providing the most effective 

treatment process for their removal. 

Keywords: wastewater; occurrence; dishwashing detergents; analysis; LC-MS. 
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1. Introduction  

Benzotriazole (BTri) and its derivative 5-methylbenzotriazole (5-MeBT) are widely 

used in various industrial applications such as ultraviolet light stabilisers, photographic 

agents, anti-fogging agents, corrosion inhibitors in aircraft de-icing/anti-icing fluids 

(ADAFs), and household dishwasher detergents1,2,3,4. Due to BTri and 5-MeBT being 

non-flammable and having anti-corrosion properties, these compounds are highly 

concentrated within ADAFs and increasingly applied to aircraft runways5,6,7. 

Additionally, BTri and 5-MeBT (BTs) are incorporated into dishwasher tablets for their 

polishing and silver protection properties1. BTs have been considered as the second 

most abundant water contaminants following ethylenediaminetetraacetate (EDTA)8. 

The Australian government water guidelines state that 7 ng L-1 is the permissible 

concentration of 5-MeBT in drinking water9, while a health guideline of 20 µg L-1 has 

been suggested for BTri 10.  

The chemical properties of BTs (Table 1) make it difficult to remove them 

through conventional wastewater treatment plants (WWTP) and may lead to their 

entrance into waterways through waste discharge systems1,11,12,13. Collectively, these 

point to why BTs have been found in the environment samples throughout the world 

including river water, groundwater, drinking water, wastewater, soil, as well as human 

urine samples1,12,13,14. 

Many studies from various nations indicate that sewer systems and dishwashing 

detergents are possible sources of BTri and 5-MeBT contamination of natural water 

bodies1,2,4,7,17,19,20. Studies conducted across Western Europe found the averge BTri 

concentration of 2.9 µg L-1 in effluents of municipal WWTP7. Likewise, BTri and 5-MeBT 

have been recently detected in a municipal WWTP in South Australia, with 

concentrations ranging between 928 and 5,706 ngL-1 (BTri) and 1,438 and 6,758 ng L-1 

(5-MeBT)19. However, as Australia imports less than 100 tonnes of BTs annually10, only 

limited studies have been undertaken to determine the occurrence of BTs in Australian 

http://www.google.com.au/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCoQFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FEthylenediaminetetraacetic_acid&ei=SxRsU6HGI4mnlQWAmYCwBg&usg=AFQjCNFpeOGTYpsUVrqBdb_6xsXoqNh15g
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WWTPs10,19. Nonetheless, the frequent usage of these compounds in detergents is 

believed to lead to the wider distribution of BTs throughout the environment. 

 

Table 71- Chemical structure and relevant properties of BTri and 5-MeBT. 

 

Common name 

 

Benzotriazole (BTri), 

1H-Benzotriazole 

 

5-Methylbenzotriazole (5-MeBT), 

5-Tolylitriazole (5-Trri) 

 

References 

 

Chemical structure 

 N
N

N

H

 H3C N
N

N

H

 

 

 

CAS No. 

 

95_14_7 

 

136_85_6 

 

Log Kow 1.23 1.89 (Hart et al., 2004) 

Log Koc 1.02 1.68 (Hart et al., 2004) 

Melting point (°C) 98-99
o
C 76-87

o
C (Castro et al., 2005) 

pKa (conjugated acid) 8.2 8.5 (Hart et al., 2004) 

Vapour pressure (°C) 0.04 mmHg  0.03mmHg (Castro et al., 2005) 

Solubility in water 28 g L
-1

 7 g L
-1

 (Giger et al., 2006) 

Solubility in methanol 1.33 g L
-1

 1.16 g L
-1

 (Castro et al., 2005) 

Refractive index 1.73                     1.68 (Malhas et al., 2007) 

Henry’s low coefficient (at 25 °C) 

 

       3.17 × 10 
-7 

m
3
/mol            3.14 × 10 

-7 
m

3
/mol (Castro et al., 2005) 

 

To efficiently assess the distribution of BTs in surface waters and wastewaters, 

rapid and reliable analytical methods with low detection limits are required.  However, 

to achieve low level detection of BTri and 5-MeBT, pre-concentration of environmental 

water samples using solid phase extraction (SPE), have been previously used, prior to 

sample analysis by liquid chromatography mass spectrometry (LC-MS)7,10,17,21. The 

lowest detection level to date with pre-concentration was Loi et al.10 who achieved a 



Chapter 3: Benzotriazole and 5-methylbenzotrizole in recycled water, surface water and dishwashing detergents from Perth, 
Western Australia:  analytical method development and application 

 

66 
 

detection limit of 4 ng L-1 for BTri and 5 ng L-1 for 5-MeBT. Without pre-concentration, 

the lowest detection level achieved was 33 ng L-1 by Weiss and Reemtsma13.  

In this paper, we describe a simplified and sensitive LC-MS method, without 

sample pre-concentration, that was successfully developed to detect BTri and 5-MeBT 

in environmental water samples at low ng L-1 concentrations. The LC-MS method was 

selected for use in this study because of its benefits over GC-MS22,23. First, LC-MS can 

determine polar analytes without the need for derivatization, and is not restricted by 

compound-of-interest specific limitations that hinder GC-MS24,25. Conversely, GC-MS is 

restricted to detection based solely on volatility and molecular weight26. When BTs are 

analysed using GC, it often results in irreversible absorption, smearing, and/or possible 

complete peak disappearance. Thus, LC-MS has broader analytical applications for 

detecting polar contaminants such as BTs3. The LC-MS method was selected on the 

basis of its advantages over GC-MS.  

Using this developed method, the occurrence of BTs in wastewater, recycled 

water and surface water samples from Perth Western Australia were investigated. 

Also, the removal efficiency of BTs from the various treatment processes of an 

advanced water recycling plant (AWRP) was investigated over a 12 month period.  

 

2. Materials and methods 

2.1. Chemicals and materials 

The compounds, 1-H-benzotriazole (BTri, 99%), 5-methyl-benzotriazole (5-MeBT, 

98%) and the reference standards, Leucine (Leu) enkephalin acetate salt hydrate (Leu-

enkephalin, 95%) were purchased from Sigma-Aldrich (Sydney, Australia). 1H-

benzotriazole-D4 (4d-BTri, 97%) was purchased from Toronto Research Chemicals 

(Toronto, Canada). Triethylamine (99%) was purchased from Merck Schuchardt OHG, 

(Hohenbrunn, Germany). Milli-Q water  10 mΩ) was obtained from ultrapure water 

system (Sydney, Australia). High performance liquid chromatography (HPLC) grade 
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methanol (MeOH) was obtained from Merck (Darmstadt Germany) and formic acid 

(98%) analytical grade from purchased from Ajax Finechem (Taren Point, Australia). A 

0.45 µm Supor® membrane syringe filter was obtained from Pall Corporation (Port 

Washington, USA). Dishwashing products (10) were bought from local supermarkets in 

Perth, Western Australia. 

 

2.2.  Analytical method  

2.2.1. LC-MS analysis 

Analysis of the target compounds, BTri and 5-MeBT, was performed using a 

Waters Alliance e2695 HPLC system (Waters, Milford, MA, USA). The mobile phase was 

a water methanol mixture (70:30) modified with 0.1% formic acid. The separation of 

BTs was achieved using a 3.5 µm 2.1×100 mm XBridge Phenyl column with 3.5 µm 

particle size (Waters, Milford, MA, USA). The column temperature was 30 °C and 50 µL 

of sample volume was injected into the HPLC with a flow rate of 0.3 mL min-1.  

Note, commercially available methyl-benzotriazole consists of a mixture of both 

the 5-MeBT and the 4-methyl-benzotriazole (4-MeBT) isomer, and the analytical 

method used could not separate 5-MeBT from the 4-MeBT isomer. Therefore, while 5-

MeBT results of field (wastewater, recycled water and surface water) and detergent 

analysis are given in this paper, the 5-MeBT data are likely a mixture of both 4-MeBT 

and 5-MeBT isomers.  

 

2.2.2. Mass spectrometry  

A LCT Premier XE time-of-flight (TOF) mass spectrometer (Waters MS 

Technologies, Manchester, UK) equipped with an electrospray interface (ESI) operated 

in the positive ion mode. The operating system of the spectrometer was Mass Lynx. 
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Pure nitrogen gas supplied from a nitrogen generator (Parker Domnick Hunter) was 

used as a nebulising and drying gas. The temperature of desolvation was 300 °C. The 

source temperature was 80 °C with a desolvation gas flow of 750 L h-1, and the cone 

gas flow of 10 L h-1. The capillary voltage was 3 kV and the sample voltage was 60 V.  

 

2.2.3. Accurate mass 

Instrument calibration was achieved using a solution of sodium formate. The 

solution consisted of  (i) 0.5 mL of 10% (v/v) formic acid in MQ-water; (ii) 0.5 mL of 

0.05 M sodium hydroxide; and (iii)  9 mL of 9:1 (v/v) 2-propanol in MQ-water. This 

sodium formate solution was modified with triethylamine (10 µL in 10 mL of sodium 

formate solution). A standard sample of Leu-enkephalin reagent was used as an 

external calibrant at a concentration of 200 pg µL-1.  

 

2.2.4. Mobile phases selection for LC-MS analysis 

To optimise the separation of the BTs and the sensitivity of the analysis, a range 

of varying compositions of the mobile phase were examined. The HPLC conditions 

were tested using two different ion sources (APCI and ESI) in positive and negative ion 

modes. The solvent mixtures were prepared from acetonitrile (ACN), MeOH and water 

with and without formic acid addition. The mobile phases examined included : 10:90, 

20:80, 30:70, 40:60, 50:50, 60:40, 80:20 and 90:10 of (i)  0.1% formic acid in water + 

ACN ; (ii) 0.1% formic acid in water + MeOH; (iii) water + ACN; and (iv) water + MeOH. 

Several samples of the BTs were injected directly into the mass spectrometer for 

testing optimum instrumental conditions (without HPLC column). The HPLC separation 

column (XBridge Phenyl column - Waters) was thereafter used for all experiments. The 

testing concentration was 500 µg L-1 and the injection volume was 10 µL. Further, 

different mixtures and solvent ratios of mobile phases were examined.  
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2.2.5. Method validation: stability and reproducibility 

BTri and 5-MeBT stock solutions were prepared in MQ-water. A set of calibration 

standards prepared with concentrations of 2, 6, 10, 20, 40, 60, 80 and 100 ng L-1 were 

stored at 4 °C and analysed within 24 hours.  A pure sample of MQ-water was analysed 

as a blank to determine if there was any contamination occurring during sample 

preparation. Consequently, calibration curves of the nine samples were obtained by 

plotting the concentration against the peak area.  

Three different fresh stock solution standards of BTs samples were prepared in 

three different time periods as well as in different instrument set-ups and calibrations. 

Samples from these different stock solutions were analysed in eleven replicates to 

ensure that the method was stable and produced consistent results when using similar 

aquatic environmental samples (Table S1 and Table S2). Additionally, five replicates at 

the same concentrations mentioned above were analysed at three different injection 

volumes 30 µL, 50 µL and 70 µL to confirm that the method was reproducible. 

 

2.2.6. BTri and 5-MeBT Stability 

The stability of numerous standards containing each compound (BTri and 5-

MeBT) was examined at -28 °C, 4 °C, 25 °C and analysed at 0, 30, 60 and 90 days. The 

BTs were dissolved in water at 5, 10, 50 and 100 ng L-1 and analysed in five replicates 

to investigate whether the BTs analytical standards were stable for analysis in a 

workable timeframe. 
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2.3. Sample collection and preparation 

2.3.1. Surface water  

Surface water samples were collected from a small urban lake in Perth, Western 

Australia three times throughout 2013. Water samples were collected from a stream 

feeding the lake and the lake itself. The samples were collected at different times 

between March and July from different locations around the lake perimeter. These 

samples were collected in 1 L glass-bottles, which were then immediately sealed and 

transported to the laboratory. On arrival, samples were immediately filtered using a 

0.45 µm syringe filter before storage at 4 oC and analysed within 24 hours.  

 

2.3.2. Wastewater and recycled water samples 

Water samples were collected monthly for 12 months from the Beenyup AWRP 

that used secondary treated wastewater from the Beenyup Wastewater Treatment 

Plant (WWTP) in Perth, Western Australia, as feed water. The treatment processes 

within the AWRP consisted of ultrafiltration (UF), reverse osmosis (RO), and ultraviolet 

(UV) disinfection. Prior to UF, the water was chlorinated to prevent biofouling of 

treatment infrastructure. The highly treated water from the AWRP was then to be 

used as influent water managed aquifer recharge (MAR). A schematic for the AWRP 

processes and sampling locations are illustrated in Figure. 1. Water samples were 

collected from the following locations within the AWRP: S1, raw feed (secondary 

treated wastewater); S2, feed water after ammonia and hypochlorite dosing; S3, after 

UF treatment; S4, after sulphuric acid dosing; S5, after RO treatment; S6, after 

degassing; S7, after stage 1 UV disinfection and sodium hydroxide dosing; S8, after 

stage 2 UV disinfection; and S9, recycled water prior to aquifer recharge. Recycled 

water samples were collected in 1 L glass-bottles. The samples were kept cold during 
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transport to the laboratory and then filtered using a 0.45 µm Supor® Membrane 

syringe filter. Samples were then stored at 4 oC prior to analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.3. Dishwashing detergent samples 

To determine if the source of BTri and 5-MeBT in Australian environments could 

be from dishwasher soaps/detergents, as has been previously suggested in the 

literature9,10,19, 10 commercial soaps/detergents from local markets around Perth, 

Western Australia were tested. Two mL of liquid and 2 g of powdered soap detergents 

were dissolved in 1 L of MQ-water. For these samples a more intensive sample 

preparation was required. Non-dissolved material was removed by filtration and 

interfering compounds were removed from the filtrate using a SPE clean-up step. All 

samples (10 mL) were filtered using a 0.45 µm syringe filter prior to clean-up. 

Following filtration, all samples were spiked with 4d-BTri before SPE clean-up step. 
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Fig. 1.2 Beenyup advanced water treatment processes and sampling locations. 
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For sample clean-up, Oasis HLB cartridges were used (6 mL polypropylene, 500 

mg; Waters, Milford, MA, USA) after conditioning with 10 mL of MeOH, then  10 mL of 

acidified water (pH 2.95 ± 0.05). A water sample (5 mL) was then passed through the 

cartridge, and the cartridge dried under vacuum (20 minutes). The cartridge was then 

washed with 2 x 5 mL acidified water (pH 2.9 ± 0.05) /MeOH (95:5% v/v), and then 

dried under vacuum (20 minutes). Dry residues were then eluted from the cartridge 

with 10 mL of MeOH/ACN (50:50), and the extract was evaporated to near-dryness 

under nitrogen and transferred into a HPLC vial for LC-MS analysis.  

 

3.  Results and Discussion 

3.1. LC-MS conditions and signal optimisation 

The best separation of BTs was achieved using a mobile phase with a 70:30 

mixture of formic acid (0.1%) in MQ-water and MeOH. This optimum LC mobile phase 

condition was subsequently used in order to test MS parameters for optimum 

detection limits. The analysis of BTs by MS was examined with both APCI and ESI ion 

sources tested in positive and negative ion modes. Ion source parameters such as 

capillary voltage or corona conditions, sample cone, desolvation temperature, ion 

source temperature, flow rate and gas flow were trialled to optimise peak area signals 

for BTs. The positive ion mode of both ESI and APCI was found to have higher 

sensitivity than the negative mode. The optimal ion source conditions for the BTri and 

5-MeBT peak area signals are shown in Table 2.  
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Table82- Tabulated data and optimised HPLC conditions with testing different ion sources (APCI and ESI). 

Ion Source Conditions APCI ESI Optimum BT detection parameters 

 
Positive/negative mode 

 
Both 

 
Both 

 
Positive ion mode 

Corona or Capillary V 6-20 (uA) 1000-3000V  3000 V (ESI) or 7 (uA) (APCI) 

Sample cone 40-100V 40-100V 60 V 

Source Temp. 60-120 
o
C 60-120 

o
C 80 

o
C (ESI) 60 

o
C (APCI) 

Desolvation Temp. 200-350 
o
C 200-350 

o
C 300 

o
C or 350

o
C (ESI) 250 

o
C (APCI) 

Gas Flow 250-750 L hr
-1

 250-750 L hr
-1

 750 (ESI) 750 (APCI) 

Flow Rate 0.5-0.2 mL min
-1

 0.5-0.2 mL min 
-1

 0.3 mL min
-1

 

 

Using the optimum mobile phase and ESI conditions, a detection limit for BTri 

and 5-MeBT of 2 ng L-1 was achieved. BTri and 5-MeBT were detected at m/z 120.055 

and m/z 134.069; and the internal standard 4d-BTri was determined at m/z 124.083. 

The lowest detection limit accomplished using APCI was 700 ng L-1
. The optimised LC 

conditions allowed good separation of all the analytes and internal standard (Figure 2).  

 

 
 

Fig.2. 3A combined chromatograms from LC-MS analysis of BTri (m/z 120.055), 5-MeBT (m/z 134.069) and 4d-BTri 
(m/z 124.083; internal standard).  
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3.2. Reproducibility and Linearity 

The reproducibility of the LC-MS method was confirmed using 11 freshly 

prepared replicate standards. The combined experimental errors for the standards 

solution analysis and the dilution errors were calculated and shown in the supporting 

information (Figure S1). The standard errors of BTri and 5-MeBT were 0.0021 ng L-1 

and 0.0020 ng L-1, respectively. The normalised results show good reproducibility. The 

calibration curve for all normalised results and errors are shown in Figure S1. Fitting 

was performed using the York algorithm (2004) for linear least squares regression27. 

A nine-point calibration curve of BTri and 5-MeBT was prepared separately in 

concentrations of 2, 4, 6, 10, 20, 40, 60, 80 and 100 ng L-1 (Table S1 and Table S2) to 

test the linearity of the analysis as shown in Figure S1. The correlation coefficients (R2) 

were 0.999 for 5-MeBT and 0.995 for BTri. The greater variability of BTri (as shown in 

Figure S1.) was assumed to be due to dilution errors of the sample standards in one of 

the 11 replicates. 

3.3. BTri and 5-MeBT stability and method variability 

The results (Table 3) illustrated a negligible amount of loss of the BTs at -28°C. Loss 

was observed at 4 °C and 25 °C, with substantial loss between 60 to 90 days. Greatest 

loss was observed at 25°C (Table 3). Earlier sampling times showed minor losses of 

both compounds at 25°C, and negligible loss at 4°C and -28°C. At -28°C the compounds 

concentration remained stable for at least 90 days.   
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nd= not detected 

 

3.4. Comparison to previous research 

Previously published research using LC-MS for the analysis of BTri and 5-MeBT 

in water samples is shown in Table 4.  Various LC-MS systems have been used to 

analyse BTs from environmental water samples. ESI ion source has been widely applied 

to measuring concentration of BTs in aqueous solutions, compared to APCI. There are 

a number of studies that have utilised different mass analysers, with the TOF mass 

analyser frequently used. The advantage of the LC/TOF/MS as an analytical technique 

for detecting BTs is its capacity for providing contaminant quantification in complex 

environmental samples28. 

 

 

 

 

 

Table 3-   BTri and 5-MeBT stability at different concentrations and times, for different temperatures. 

Target 

compounds 
Conc. 

(ng L
-1

) 

 Day (30) Day (60)  Day (90) 

 25 °C 4 °C -28 °C  25 °C 4 °C -28 °C  25 °C 4 °C -28 °C 

 
 

 
  

         

BTri 5  4.7 5 4.9  3.8 4.6 4.8  nd 3.9 5 

 10  9.3 9.9 10  7.3 9.1 9.8  4.8 8 9.9 

 50  46.5 49.8 49.9  37.1 45.6 50  24.6 39.8 49.8 

 100  92.7 100 99.9  74.2 92.4 100  49.4 79.6 99.9 

 
 

 
  

         

5-MeBT 5  4.6 4.9 5  3.3 4.2 4.9  nd 3.5 5 

 10  8.9 9.8 9.9  6.6 8.2 9.9  3.9 7.1 9.9 

 50  45.1 49.7 49.8  33.3 41.8 49.8  19.7 34.8 49.8 

 100  90.7 99.8 99.8  67.8 83.6 99.9  38.8 70.5 100 
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Table 4- 9Previously published research conducted using LC-MS for the analysis of BTri and 5-MeBT in water samples. 

Matrix LC-MS system 

 

Type of Mass 

Analyser 

Limit of detection SPE Cartridge Type Reference 

Without pre-concentration 

    

Wastewater 

and surface 

waters 

LC-ESI-MS        

+ ion 

TOF 2 ng L
-1

 

 

- This study 

Municipal 

wastewater 

and 

groundwater 

LC-ESI-MS/MS 

+ ion 

TO 100 ng L
-1

 - (Weiss et al., 2006) 

Untreated 

wastewater 

and Treated 

wastewater 

LC-ESI-MS/MS 

+ ion 

TOF 33 ng L
-1

 

 

- (Weiss and 

Reemtsma, 2005) 

With pre-concentration 

    

Municipal 

wastewater 

and 

groundwater 

 

LC-ESI-MS/MS 

+ ion 

TOF 100 ng L
-1

 Oasis HLB (60 mg) (Weiss et al., 2006) 

Drinking 

water 

surface water 

Ultrapure 

water 

LC-ESI-MS/MS 

+ ion 

Orbitrap 

 

100 ng L
-1

 Oasis HLB (5mL glass 

cartridges, 200 mg) 

Oasis HLB (6mL 

polypropylene, 500mg) 

(van Leerdam et 

al., 2009) 

Lakes River 

waters 

LC-ESI-MS/MS 

+ ion 

Quadrupole 20 ng L
-1

 Oasis HLB (60 mg, 3 mL) (Giger et al., 2006) 

Tank water LC-ESI-MS/MS 

+ ion 

Quadrupole >1000 ng L
-1

 Oasis HLB (60 mg, 3 mL) (Harris et al., 

2007a) 

Municipal 

wastewater 

River water 

LC-ESI-MS/MS 

+ ion 

Quadrupole >1000 ng L
-1

 Oasis HLB (60 mg, 3 mL) (Voutsa et al., 

2006) 

Wastewater LC-ESI-MS/MS 

+ ion 

Trap-Orbitrap BTri= 4 ng L
-1

 

5-MeBT= 5 ng L
-1

 

Oasis HLB (500 mg, 6 mL) (Loi et al., 2013) 
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Without pre-concentration, the lowest detection level achieved using LC-MS 

was 33 ng L-1 by Weiss and Reemtsma13. Here, through optimisation of instrument 

parameters and chromatographic conditions, a detection limit of 2 ng L-1 for BTri and 

5-MeBT was achieved, with a limit of quantification of 6 ng L-1. This detection limit was 

comparable to  the lowest pre-concentration method of Loi et al.10 who achieved a 

detection limit of 4 ng L-1 for BTri and  5 ng L-1 for 5-MeBT. 

 

 

3.5. Detection of BTri and 5MeBT in Surface water samples 

Water samples were collected from a small lake in Perth, Western Australia to 

assess if BTs were present in Australian surface water environments. BTs were 

detected at concentrations ranging between 11 to 79 ng L-1 for BTri and 2 to 46 ng L-1 

for 5-MeBT (Table 5). Concentrations of both compounds increased in the stream and 

lake water samples from March to July 2013, mirroring the increased rainfall patterns 

for this area. In March, and prior to annual rainfall, ultra-low concentrations were 

detected, with 5-MeBT down to 2 ng L-1 and BTri at 11 ng L-1 (see Table 5). Temporal 

variations in concentration were large for all BTs (see Table 5), and may indicate 

seasonal contamination during periods of more rapid stream flow as BTs are flushed 

from contaminant sources into the Lake. Concentration differences over time are not 

unusual, as Giger et al.17 reported similar variations in BT concentrations across several 

Swiss lakes. 
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SD= standard deviation 

 

The observed concentrations of both compounds were higher in the colder 

month of July (2013), compared to the warmer month of March (2013) which is similar 

to findings in the United States and Germany, where BTri and 5-MeBT have been more 

abundant in the colder months30,31,32. Note, these previous studies were conducted in 

areas with possible ADAF input, which could explain the BTs contamination33. 

However, the climatic conditions in our study area are mild and ADAFs are not used.   

Other potential BTs sources could include detergents, antifreeze formulation used in 

cars, and corrosion inhibitors. Variations in temporal concentrations of BTri and 5-

MeBT could indicate (i) variable emission sources with differing compositions and/or 

(ii) different removal processes, such as photodegradation and/or sorption depending 

on compound properties. Additionally, BTri concentrations were higher than 5-MeBT 

across all time points. This could reflect source contamination product formulation. For 

example, detergents (see Table 7) have greater proportion of BTri compared to 5-

MeBT. 

The stream samples contained a much higher concentration of BTri and 5-MeBT 

than the lake (Table 5). Thus, the disparity between the stream and the lake suggests 

that dilution and/or the photo-transformation of lake water was occurring. The source 

of BTs in the stream was not identified and an extended investigation at different 

sampling times and sampling locations would be required to identify potential inputs. 

 

Table 5- BTri and 5-MeBT concentrations in lake and stream samples analysed in three different times. 

Target 
compounds 

Lake (ng L
-1

) 
 

Stream (ng L
-1

) 

March 
2013 

SD May 
2013 SD 

July 
2013 

SD 
 March 

2013 
SD 

May 
2013 

SD 
July 

2013 
SD 

BTri 11 1 14 0.8 27 0.9  21 0.2 33 1.4 79 2.1 

5-MeBT 
2 0.4 8 0.9 24 1.3 

 
16 1.1 28 1.2 46 1.9 
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3.6. Detection of the BTri and 5MeBT in wastewater and recycled water samples 

Over the period of one year, from April 2013 to April 2014, wastewater and 

recycled water samples were collected 10 times from the Beenyup AWRP in Perth, 

Western Australia. Samples were collected approximately monthly, however times 

were varied to coincide with periods of prolonged stable operation. As such two 

sampling events were unable to be conducted due to scheduled maintenance of the 

AWRP. Each time, nine samples were collected from different sampling locations 

within the AWRP (Figure 1). Higher concentrations were observed for BTri than for 5-

MeBT in all water samples (Figures 3 and 4). The highest concentration of both 

compounds were detected in S1 (raw feed - secondary treated wastewater) during 

September 2013 at a concentration of 78 ng L-1 and 21 ng L-1 for BTri and 5-MeBT, 

respectively. Average removal of BTs for each treatment process as a percentage of 

the AWRP feed water (S1) is given in Table 6. These results showed that the most 

effective treatment for BTs removal was the RO process with 38% (BTri) and 52% (5-

MeBT) removal. 

The concentrations of BTri and 5-MeBT in the secondary treated wastewater 

used as the feed water to the AWRP were comparable to concentrations determined 

in a previous study conducted in Greece34. A strong seasonal trend was observed 

(Figures 3 and 4) with substantially higher feed water concentrations in July, August 

and September, being the winter months of the year. The minimum feed water 

concentrations were 22 ng L-1 for BTri and 6.5 ng L-1 for 5-MeBT in February (2014) 

while maximum feed water concentrations were 78 ng L-1 (BTri) and 21 ng L-1 (5-MeBT), 

in September and August (2013). The lower influent concentrations of BTs into the 

AWRP during the summer season may have resulted from the increased temperature 

of wastewater within the WWTP, enhancing evaporation or degradation during 

wastewater treatment, such as the aerobic treatment stage35,36.  
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Table 6-10Removal efficiency of BTri and 5-MeBT for each wastewater treatment process. 

Monitoring   
stage 

Treatment processes and dosing steps 

 
Percentage of Initial 

Concentration Removed  

  
 

 BTri  5-MeBT 

S1 to S2 Ammonia and hypochlorite dosing  6  11 

S2 to S3 Ultrafiltration Treatment  3  8 

S3 to S4 Sulphuric acid dosing   4  17 

S4 to S5 Reverse osmosis (RO)Treatment  38  52 

S5 to S6 Degassing after RO  8  7 

S6 to S7 Stage 1 UV treatment, sodium hydroxide dosing and pH modification 16  5 

S7 to S8 Stage 2 UV Treatment  7  nc 

S8 to S9 Storage in post-treatment tank and prior to aquifer recharge  10  nc 

nc = not calculated as concentrations were below the detection limit. 

 

BTri and 5-MeBT concentrations showed substantial removal through the AWRP 

(see Figures 3 and 4). The BTri concentrations decreased by 87%, while 5-MeBT 

concentrations were removed to below detection level (<2 ng L-1), except during the 

winter months of July, August and September when feed water concentrations were 

higher.  

The AWRP was consistent at efficiently removing BTri and 5-MeBT from the 

secondary treated wastewater to < 10 ng L-1, and < 2 ng L-1 respectively. BTri removed 

to < 2 ng L-1 was observed on 4 out of the 10 sampling occasions. These results suggest 

that the recycled water produced from the AWRP would be suitable for groundwater 

replenishment. 
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Figure3. BTri concentrations in all AWRP treatment stages.  * indicates where concentrations were 

below detection limit. 

 

 

 

 

 

 

 

 

 

 

Figure4. 5-MeBT concentrations in all AWRP treatment stages. * indicates where concentrations were 

below detection limit. 
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The removal efficiency of each treatment process or dosing step within the 

AWRP was calculated based on the concentration difference between the sampling 

locations prior and after the treatment process/dosing step, and expressed as a 

percentage of feed water concentration into the AWRP (i.e. S1). As expected, there 

were substantial differences in BTri and 5-MeBT reduction for the treatment processes 

(see Table 6) compared to the dosing steps, as the dosing steps were not designed to 

remove BTs, but provide infrastructure protection (minimising biofouling and scaling) 

and pH amendment. The dominant treatment process in removing BTs was RO (S4 to 

S5), with BTri and 5-MeBT concentrations being reduced by 38% and 52%, respectively.  

The improved removal of 5-MeBT compared to BTri was likely a reflection of the 

slightly higher hydrophobic properties of 5-MeBT (log Kow of 1.89 for 5-MeBT 

compared to log Kow of 1.23 for BTri). 

The combined treatments of UF and RO (S1 to S4) resulted in a reduction of 51% 

and 88% respectively. The reduction of 5-MeBT was consistent with a previous study 

by Loi et al.10, where 85% removal of 5-MeBT was observed for combined UF and RO 

treatment10.  A reduction of ~ 60% for BTri and 5-MeBT between influent wastewater 

to RO permeate was reported during a 1.5 year investigation of an upgraded municipal 

wastewater plant37.  

 

3.7. Detection of the BTri and 5M-eBT in soap detergent samples 

To test whether commercial cleaning agents could be the source of the BTs 

contamination observed in wastewater, 10 commercially available soaps and 

detergents were screened for BTs. The soaps and detergents analysed were 

recommended for the use of cleaning dishes, clothing and the human body. As shown 

in Table 7, BTri was detected in four liquid soap samples (40%), whereas 5-MeBT was 

only detected in two (20%). The highest concentrations were detected in liquid 

dishwashing detergent S2 at 4600 ng L-1 (BTri) and 2600 ng L-1 (5-MeBT). Samples S1 

and S2 contained both compounds, while S3 and S4 only contained BTri. The lowest 

BTri concentration found was 680 ng L-1 in S4, which was a clothing detergent. The 
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other six washing detergents/soaps (S5 to S10) did not show the presence of BTs. 

Note, both powdered soaps did not show the presence of either compound. The 

variation in product formulations of the different manufactures is the likely reason for 

the variation in BTri and 5-MeBT concentrations within the different detergents. 

 

Table 7- 11BTri and 5-MeBT concentrations in washing products samples. 

Target compounds Washing products (ng L
-1

) 

 S1 S2 S3 S4 S5 to S10 

BTri 2800 4600 1500 680 nd 

5-MeBT 2000 2600 nd nd nd 

nd= below the detection limit. 

In South Australia, BTs have been reported in municipal WWTPs and drinking 

water samples9,19. The frequent use of detergents may largely underpin the 

widespread distribution of BTs throughout Australian environments. Prior to this 

study, there was no data available assessing BTri and 5-MeBT in commercially available 

Australian dishwashing detergents. 

This study indicated that one possible cause of BTri and 5-MeBT accumulation in 

Australian environments is the use of household soaps and detergents, and their 

subsequent discharge to wastewater. This is a likely given Australia’s use of ADAFs is 

minimal, unlike other counties where ADAFs are significant contributors to BT 

contamination9,19. As indicated in Table 7, each liquid washing detergent contained a 

seemingly low mean BT concentration of 958 ng L-1 (BTri) and 460 ng L-1 (5-MeBT). 

However, taking into consideration the potential collective amount of washing 

detergents that are being used in Australia, the combined environmental discharge 

could be substantial. This aligns with previous studies implicating dishwashing 

products as potential wastewater contaminants1,2,4,7,17,19,20. Vetter and Lorenz4 also 

showed that 99% of BTs will travel into WWTPs via dishwasher effluents. It could also 
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be inferred that similar collective accumulation as a result of dishwashing products, 

coupled with the use of ADAF’s in Europe and North America are attributing to the 

higher concentrations in the environment1, 38,39.    

The properties of both BTri and 5-MeBT such as oxidative resistance, UV 

resistance, and high solubility would facilitate their longevity under environmental 

conditions and perhaps accumulation to toxic levels, if treatment processes are 

ineffective in attenuating wastewater concentrations.  

 

4. Conclusions 

This paper discusses the development of a simplified and sensitive liquid LC-MS 

method without sample pre-concentration was successfully developed for detecting 

the occurrence of ultra-low (ng L-1) concentrations of BTri and 5-MeBT in various 

Western Australian environmental water samples. Through optimization of instrument 

parameters and chromatographic conditions, a detection limit of 2 ng L-1 was achieved 

for BTri and 5-MeBT, which was similar to other more process intensive methods 

where pre-concentration using solid phase extraction (SPE) was employed. 

This method was subsequently used to: (i) assess the effectiveness of an AWRP 

for the removal of BTs from wastewater, and (ii) investigate BTri and 5-MeBT 

concentrations in a surface water environment. The removal of BTs from wastewater 

was successful using the AWRP, where BTri and 5-MeBT concentrations were reduced 

to < 2 ng L-1, and 10 ng L-1 respectively. RO treatment was the most effective removal 

process within the AWRP. 

 In surface water environments, a Perth lake and in the stream water feeding the 

lake, BTs were present. The higher stream water concentrations suggested the lake 

contamination was a result of the contaminated stream water. However, the source of 

BTs in the stream was not identified. A potential source of BTri and 5-MeBT in 

wastewater and possibly surface waters could be washing detergents as BTs were 

detected in 40% of the washing detergent samples analysed. 



Chapter 3: Benzotriazole and 5-methylbenzotrizole in recycled water, surface water and dishwashing detergents from Perth, 
Western Australia:  analytical method development and application 

 

85 
 

Acknowledgements 

We would like to acknowledge the financial support received through the King 

Abdullah Scholarship Program (KASP) and King Saud University scholarship program. 

We would also like to acknowledge the staff of the Water Corporation of Western 

Australia for the collection of water samples. 

 

References 

 

1. H. Janna, M. D. Scrimshaw, R. J. Williams, J. Churchley and J. P. Sumpter. From 

Dishwasher to Tap? Xenobiotic Substances Benzotriazole and Tolyltriazole in 

the Environment. J. Environ. Sci. Technol. 2011, 45, 3858-3864. 

2. A. Kiss and E. Fries. Seasonal source influence on river mass flows of 

benzotriazoles. J. Environ. Monit. 2012, 14, 697-703. 

3. M. Pervova, V. Kirichenko and V. Saloutin. Determination of 1,2,3-benzotriazole 

in aqueous solutions and air by reaction-gas-liquid chromatography. J. Anal. 

Chem. 2010, 65, 276-279. 

4. W. Vetter and J. Lorenz. Determination of benzotriazoles in dishwasher tabs 

from Germany and estimation of the discharge into German waters. Environ. 

Sci. Pollut. Res. 2012, 1-6. 

5. A. Kiss and E. Fries. Occurrence of benzotriazoles in the rivers Main, 

Hengstbach, and Hegbach (Germany). Environ. Sci. Pollut. Res. Int. 2009, 16, 

702-710. 

6. A.  . Sulej, Ż. Polkowska and J. Namieśnik. Pollutants in Airport Runoff Waters. 

Crit. Rev. Env. Sci. Technol. 2011, 42, 1691-1734. 

7. S. Weiss, J. Jakobs and T. Reemtsma. Discharge of Three Benzotriazole 

Corrosion Inhibitors with Municipal Wastewater and Improvements by 

Membrane Bioreactor Treatment and Ozonation. J. Environ. Sci. Technol. 2006, 

40, 7193-7199. 



Chapter 3: Benzotriazole and 5-methylbenzotrizole in recycled water, surface water and dishwashing detergents from Perth, 
Western Australia:  analytical method development and application 

 

86 
 

8. D. Voutsa, P. Hartmann, C. Schaffner and W.  Giger. Benzotriazoles, 

Alkylphenols and Bisphenol A in Municipal Wastewaters and in the Glatt River, 

Switzerland. Environ. Sci. Pollut. Res. 2006, 13, 333-341. 

9. NRMMC, 2008. Australian Guidelines for Water Recycling Augmentation of 

Drinking Water Supplies, Natural Resource Management Ministerial Council, 

Environment Protection and Heritage Council, and National Health and Medical 

Research Council, Adelaide.  

10. C. H. Loi, F. Busetti, K. L. Linge and C. A. Joll. Development of a solid-phase 

extraction liquid chromatography tandem mass spectrometry method for 

benzotriazoles and benzothiazoles in wastewater and recycled water. J. 

Chromatogr. A 2013, 1299, 48-57. 

11. E. Kadar, S. Dashfield and T. Hutchinson.  Developmental toxicity of 

benzotriazole in the protochordate, Ciona intestinalis (Chordata, Ascidiae). 

Anal. Bioanal.Chem. 2010, 396, 641-647. 

12. T. Reemtsma, S. Weiss, J. Mueller, M. Petrovic, S. González,  D. Barcelo, , F. 

Ventura and T. P. Knepper. Polar Pollutants Entry into the Water Cycle by 

 unicipal Wastewater:  A European Perspective. J. Environ. Sci. Technol. 2006, 

40, 5451-5458. 

13. S. Weiss and T. Reemtsma. Determination of Benzotriazole Corrosion Inhibitors 

from Aqueous Environmental Samples by Liquid Chromatography-Electrospray 

Ionization-Tandem Mass Spectrometry. Anal. Chem. 2005, 77, 7415-7420. 

14. A. G. Asimakopoulos, L. Wang, N. S. Thomaidis and K. Kannan. Benzotriazoles 

and benzothiazoles in human urine from several countries: A perspective on 

occurrence, biotransformation, and human exposure. Environ. int. 2013b, 59, 

274-281. 

15. D. S. Hart, L. C. Davis, L. E. Erickson and T. M. Callender. Sorption and 

partitioning parameters of benzotriazole compounds. Microchem. J. 2004, 77, 

9-17. 



Chapter 3: Benzotriazole and 5-methylbenzotrizole in recycled water, surface water and dishwashing detergents from Perth, 
Western Australia:  analytical method development and application 

 

87 
 

16. S. Castro, L. C. Davis and L. E. Erickson. Natural, cost-effective, and sustainable 

alternatives for treatment of aircraft deicing fluid waste. Environ. Prog. 2005, 

24, 26-33. 

17. W. Giger, C. Schaffner and Kohler, H. P. E. Benzotriazole and Tolyltriazole as 

Aquatic Contaminants. 1. Input and Occurrence in Rivers and Lakes. J. Environ. 

Sci. Technol. 2006, 40, 7186-7192. 

18. R. N. Malhas, N. A. Al-Awadi and O. M. E.El-Dusouqui. Kinetics and mechanism 

of gas-phase pyrolysis of N-aryl-3-oxobutanamide ketoanilides, their 2-

arylhydrazono derivatives, and related compounds. Int. J. Chem. Kinet. 2007, 

39, 82-91. 

19. Y. S. Liu, G. G. Ying, A. Shareef and R. S. Kookana. Occurrence and removal of 

benzotriazoles and ultraviolet filters in a municipal wastewater treatment 

plant. Environ. Pollut. 2012, 165, 225-232. 

20. T. Reemtsma, U. Miehe, U. Duennbier and M. Jekel. Polar pollutants in 

municipal wastewater and the water cycle: Occurrence and removal of 

benzotriazoles. Water Res. 2010, 44, 596-604. 

21. J. A. van Leerdam, A. C. Hogenboom, M. M. E. van der Kooi and P. de Voogt. 

Determination of polar 1H-benzotriazoles and benzothiazoles in water by solid-

phase extraction and liquid chromatography LTQ FT Orbitrap mass 

spectrometry. Int. J. Mass spectrom. 2009, 282, 99-107. 

22. F. Hernández, Ó. J.  Pozo, J. V. Sancho, F. J. López, J. M. Marín and M. Ibáñez. 

Strategies for quantification and confirmation of multi-class polar pesticides 

and transformation products in water by LC-MS2 using triple quadrupole and 

hybrid quadrupole time-of-flight analyzers. TrAC, Trends Anal. Chem. 2005, 24, 

596-612. 

23. G. Hopfgartner, E. Varesio, V. Tschäppät, C. Grivet,  E. Bourgogne and L. A. 

Leuthold. Triple quadrupole linear ion trap mass spectrometer for the analysis 

of small molecules and macromolecules. J. Mass Spectrom. 2004, 39, 845-855. 



Chapter 3: Benzotriazole and 5-methylbenzotrizole in recycled water, surface water and dishwashing detergents from Perth, 
Western Australia:  analytical method development and application 

 

88 
 

24. W. Giger. Hydrophilic and amphiphilic water pollutants: using advanced 

analytical methods for classic and emerging contaminants. Anal. Bioanal.Chem. 

2009, 393, 37-44. 

25. J. M. Halket and V. G. Zaikin. Derivatization in mass spectrometry - 1. Silylation. 

Eur. J. Mass Spectrom. 2003, 9, 1-21. 

26. M. J. L. de Alda and D. Barcelo. Review of analytical methods for the 

determination of estrogens and progestogens in waste waters. Fresenius J. 

Anal. Chem.  371, 437-447. 

27. D. York, N.  . Evensen,  . L.  artınez and J. D. B. Delgado. Unified equations 

for the slope, intercept, and standard errors of the best straight line. Am. J. 

Phys. 2004, 72, 367-375. 

28. I. Ferrer and E. M. Thurman. Liquid chromatography/time-of-flight/mass 

spectrometry (LC/TOF/MS) for the analysis of emerging contaminants. TrAC, 

Trends Anal. Chem. 2003, 2001, 22, 750-756. 

29. C. A. Harris, E. J. Routledge, C. Schaffner, J. V. Brian, W. Giger and J. P. Sumpter. 

Benzotriazole is antiestrogenic in vitro but not in vivo. Environ. Toxicol. Chem. 

2007, 26, 2367-2372. 

30. B. Herzog, H. Lemmer, B. Helmreich, H. Horn and E. Müller.Monitoring 

benzotriazoles: a 1 year study on concentrations and removal efficiencies in 

three different wastewater treatment plants. Water Sci. Technol. 2014, 69, 710-

717. 

31. V. Matamoros, E. Jover and J. M. Bayona. Occurrence and fate of 

benzothiazoles and benzotriazoles in constructed wetlands. Water Sci. Technol. 

2010, 61, 191-198. 

32. D. A. Pillard. Comparative toxicity of formulated glycol deicers and pure 

ethylene and propylene glycol to Ceriodaphnia dubia and Pimephales promelas. 

Environ. Toxicol. Chem. 1995, 14, 311-315. 

33. K. S. McNeill and D. A. Cancilla. Detection of triazole deicing additives in soil 

samples from airports with low, mid, and large volume aircraft deicing 



Chapter 3: Benzotriazole and 5-methylbenzotrizole in recycled water, surface water and dishwashing detergents from Perth, 
Western Australia:  analytical method development and application 

 

89 
 

activities. Bulletin of Environmental Contamination and Toxicology, 2009, 82, 

265-9. 

34. A. G. Asimakopoulos, A. Ajibola, K. Kannan and N. S. Thomaidis. Occurrence and 

removal efficiencies of benzotriazoles and benzothiazoles in a wastewater 

treatment plant in Greece. Sci. Total Environ. 2013a, 452, 163-171. 

35. G. D. Breedveld, M. Børresen and R. Roseth. Degradation of airport 

contaminants in a soil based treatment plant. In: Proceedings of the First 

European Bioremediation Conference. Chania, Crete, Greece, 2002, pp. 5–20. 

36. Liu, Y. S., Ying, G. G., Shareef, A., Kookana, R. S., 2011. Biodegradation of three 

selected benzotriazoles under aerobic and anaerobic conditions. Water Res. 45, 

5005-5014. 

37. A. Joss, C. Baenninger, P. Foa, S. Koepke, M. Krauss, C. S. McArdell, K. 

Rottermann,  Y. Wei,  A. Zapata and H. Siegrist. Water reuse: >90% water yield 

in MBR/RO through concentrate recycling and CO2 addition as scaling control. 

Water Res. 2011, 45, 6141-6151. 

38. G. D. Breedveld, R. Roseth, M. Sparrevik, T. Hartnik and L. J. Hem. Persistence 

of the De-Icing Additive Benzotriazole at an Abandoned Airport. Water Air Soil 

Pollut. 2003, Focus 3, 91-101. 

39. R. Loos, B. M. Gawlik, G. Locoro, E. Rimaviciute, S. Contini and G. Bidoglio. EU-

wide survey of polar organic persistent pollutants in European river waters. 

Environ. Pollut. 2009, 157, 561-568.



Chapter 3: Benzotriazole and 5-methylbenzotrizole in recycled water, surface water and dishwashing detergents from Perth, 
Western Australia:  analytical method development and application 

 

90 
 

Supporting Information 

Table S1- Tabulates the averages of 11 replicates of BTri samples concentrations normalised to 100 ng L
-1

. 

Conc. ng/L Avg SD T (95%) Confidence Range SD. Err Confidence Level (95%) 

2 0.027 0.019 2.776 0.0163 0.0059 0.0274 ± 0.0163 

4 0.064 0.022 2.776 0.0181 0.0065 0.0641 ± 0.0181 

6 0.078 0.016 2.776 0.0134 0.0048 0.0781 ± 0.0134 

10 0.113 0.038 2.776 0.0315 0.0113 0.1133 ± 0.0315 

20 0.220 0.071 2.776 0.0595 0.0214 0.2199 ± 0.0595 

40 0.358 0.050 2.776 0.0415 0.0149 0.3576 ± 0.0415 

60 0.616 0.027 2.776 0.0305 0.0110 0.6159 ± 0.0305 

80 0.850 0.015 2.776 0.0167 0.0060 0.8504 ± 0.0167 

100 1.00 0 2.776 0 0 1 ± 0 

Where Avg= the average for 11 replicates data normalised to 100 ng/L, SD= standard deviation, T (95%)= statistical 
factor that means T values at different confidence level summarise in a table which given T in confidence level 95%= 

2.776,Confidence Range = (SD X T), St Err= Standard Error= (SD/    ) and the Confidence level (95%)= (Avg+ 
Confidence Range) ±( Avg- Confidence Range). 

 

 

Table S2- Tabulates the averages of 11 replicates of 5-MeBT samples concentrations normalised to 100 ng L
-1

. 

Conc. ng/L Avge SD T (95%) Confc. Range SD. Err Confc. Level 95% 

2 0.025 0.0079 2.776 0.00662 0.00239 0.0250 ± 0.0066 

4 0.051 0.0074 2.776 0.00618 0.00223 0.0514 ± 0.0062 

6 0.094 0.0162 2.776 0.01359 0.00489 0.0941 ± 0.0136 

10 0.127 0.0212 2.776 0.01775 0.00639 0.1267 ± 0.0178 

20 0.229 0.0305 2.776 0.02550 0.00919 0.2286 ± 0.0255 

40 0.408 0.0261 2.776 0.02183 0.00786 0.4076 ± 0.0218 

60 0.602 0.0120 2.776 0.01359 0.00490 0.6015 ± 0.0136 

80 0.781 0.0254 2.776 0.02125 0.00766 0.7806 ± 0.0213 

100 1.00 0 2.776 0 0 1 ± 0 
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                  Fig. S1.Calibration graphs for BTri and 5-MeBT normalised results with experimental errors
1
. 
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ABSTRACT 

The fate of benzotriazole (BTri) and 5-methylbenzotriazole (5-MeBT) was investigated 

under anaerobic conditions at nano gram per litre concentrations in large-scale 

laboratory columns to mimic a managed aquifer recharge replenishment strategy in 

Western Australia. Investigations of BTri and 5-MeBT sorption behavior demonstrated 

mobility of the compounds with retardation coefficients of 2.0 and 2.2, respectively. 

Degradation processes over a period of 220 days indicated first order biodegradation 

of the BTri and 5-MeBT under anaerobic aquifer conditions after a biological lag-time 

of approximately 30 to 60 days. Biodegradation half-lives of 29 ± 2 and 26 ± 1 days for 

BTri and 5-MeBT were respectively observed, with no threshold effect to 

biodegradation observed at the 200 ng L-1.  The detection of degradation products 

provided further evidence of BTri and 5-MeBT biodegradation. These results suggested 

that if BTri and 5-MeBT were present in recycled water recharged to the Leederville 

aquifer, biodegradation during aquifer passage is likely given sufficient aquifer 

residence times or travel distances between recycled water injection and groundwater 

extraction. 

Keywords: benzotriazole; 5-methylbenzotriazole; degradation; recycled water; MAR 
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1. Introduction 

 Managed aquifer recharge (MAR) using recycled water is becoming more 

attractive water management option due to the high demand for drinking quality 

water, combined with increasing volumes of wastewater produced as the 

consequences of population growth.  However, using recycled water sourced from 

wastewater may pose a risk for MAR due to potential trace organic compounds 

contaminating aquifers. If trace organic compounds are not removed from recycled 

water prior to recharge into the aquifer, contamination of the aquifer may occur and 

subsequently be present in the groundwater extracted for drinking water purposes.  

While advanced wastewater treatment such as reverse osmosis removes many 

of the larger hydrophobic compounds from recycled water (Steinle-Darling et al., 

2007), a number of  contaminant molecules that are small, polar and uncharged are 

poorly removed (Mitch et al., 2003; Steinle-Darling et al., 2007). 

Benzotriazoles (BTs) which include benzotriazole (BTri) and 5-

methylbenzotriazole (5-MeBT) are one group of compounds that have been detected 

in municipal wastewater and are not completely removed during wastewater 

treatment. BTs are classified as high volume production chemicals, with an estimated 

worldwide production in excess of 9000 tonnes/year (Hart et al., 2004; Weiss and 

Reemtsma, 2005). They are used as anticorrosive additives and can be found in 

dishwashing detergents. They are also used in antifreeze products, such as aircraft de-

icing detergents (Castro et al., 2005; Giger et al., 2006; Janna et al., 2011; Liu et al., 

2011c; Liu et al., 2012). The chemical properties of BTri and 5-MeBT are given in Table 

1.  
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Table 1 – Chemical structure and relevant properties of BTri and 5-MeBT. 

Common name Benzotriazole (BTri), 

1H-Benzotriazole 

5-Methylbenzotriazole (5-MeBT), 

5-Tolylitriazole (5-Trri) 

References 

 

Chemical structure 

 N
N

N

H

 H3C N
N

N

H

 

 

CAS No. 95_14_7 136_85_6  

Log Kow 1.23 1.89 (Hart et al., 2004) 

Log Koc 1.02 1.68 (Hart et al., 2004) 

Melting point (°C) 98-99
o
C 76-87

o
C (Castro et al., 2005) 

pKa (conjugated acid) 8.2 8.5 (Hart et al., 2004) 

Vapour pressure (°C) 0.04 mmHg  0.03 mmHg (Castro et al., 2005) 

Solubility in water 28 g L
-1

 7 g L
-1

 (Giger et al., 2006) 

Solubility in methanol 1.33 g L
-1

 1.16 g L
-1

 (Castro et al., 2005) 

Refractive index 1.73                         1.68 (Malhas et al., 2007) 

Henry’s low coefficient  at 25 °C)        3.17 × 10 
-7 

m
3
/mol               3.14 × 10 

-7 
m

3
/mol (Castro et al., 2005) 

 

BTri and 5-MeBT have been identified in Australian wastewaters at 

concentrations of 5.7 μg L-1 and 6.8 μg L-1 (Liu et al., 2012). Likewise, they have been 

detected in wastewater collected from Denmark and Spain, with concentrations 

ranging from 0.2 to 2.2 μg L-1 (BTri) and 0.06 to 36.2 μg L-1 (5-MeBT) (Matamoros et al., 

2010a). Studies conducted across Western Europe found BTri in the effluents of 

wastewater treatment plants at concentrations up to 2.9 µg L-1 (Weiss et al., 2006). The 

removal efficiency from conventional wastewater treatment plants was found to be 

20% to 70% for BTri and 30% to 55% for 5-MeBT (Reemtsma et al., 2010). Even with 

the use of advanced treatment such as ultra-filtration and reverse osmosis, removal of 

BTs from secondary treated wastewater was only 70% (Loi, et al., 2013). 
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Evidence of BTri and 5-MeBT toxicity to terrestrial mammals such as rats has 

been demonstrated by several researchers (Hem et al., 2000; Sills et al., 1999; Weiss et 

al., 2006). A drinking water guideline value of 7 ng L-1 for 5-MeBT has been suggested 

by the Australian Guidelines for Water Recycling (AGWR) for drinking water supplies 

(NRMMC, 2008). While a health guideline of 20 µg L-1 for BTri has been suggested by 

the Department of Health in Western Australia and the Water Corporation of Western 

Australia (Loi et al., 2013). 

Due to their occurrence in treated wastewater and their toxicity, the fate of BTs 

in aquifers used for MAR requires investigation. Natural attenuation of trace organic 

compounds during aquifer passage or storage as part of MAR has the potential to 

improve water quality (Dillon, 2005; Patterson et al., 2011). However, these 

improvements are generally compound and site specific. 

Biodegradation of BTri and 5-MeBT have been previously investigated in 

microcosm experiments (Jia et al., 2006; Liu et al., 2011; Liu et al., 2013), bioreactor 

experiments (Gruden et al., 2001; Hollingsworth et al., 2005; Weiss et al., 2006) and at 

field sites (Breedveld et al., 2003). The majority of the investigations were focused on 

assessing biodegradation within wastewater treatment systems. While some authors 

did observe biodegradation, others did not.  Only a select number of investigations 

have focussed on biodegradation of BTri and 5-MeBT in aquifers.  

Typically, aquifers are less biologically active than wastewater treatment 

systems with more limited biologically-available carbon. Liu et al. (2013) conducted an 

aquifer-based investigation, observing biodegradation in microcosms using aquifer 

sediments and groundwater spiked with BTri and 5-MeBT to give a contaminant 

concentration of 1000 µg L-1. Liu et al. (2013) found that BTri and 5-MeBT were 

degraded 65 % and 61 %, respectively. Breedveld et al. (2003) investigated 

groundwater contamination from de-icing fluids at an abandoned airport. They found 

BTri in groundwater two years after de-icing activities ceased at concentrations 

between 4.2 and 52 µg L-1 from an initial concentration of 1,100 µg L-1. The authors 
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concluded that the reduction was due to dilution and no degradation of BTri had 

occurred. The persistence of low concentrations of BTri in the aquifer environment 

may be due to site specific or concentration effects. Threshold concentration effects 

could potentially explain why BTri persisted at low concentrations in the field, while 

biodegradation was observed in microcosm experiments at higher concentrations 

(Spain and Van Veld, 1983). 

As BTri and 5-MeBT concentrations in recycled water from wastewater 

treatment plants are typically in the low μg L-1 concentration range, column 

experiments were conducted to assess the fate of BTri and 5-MeBT at concentrations 

that are typical of recycled water. This paper reports on a 220 day large-scale column 

experiment designed to mimic the passage of recycled water containing BTri and 5-

MeBT (at 200 ng L-1 concentrations that are typical of recycled water) through an 

aquifer under anaerobic conditions. The experiment was designed to mimic a field trial 

to replenish a deep (injection zone 120 and 220 m below ground) reductive pyritic 

aquifer with highly treated aerobic recycled water. The fate of BTri and 5-MeBT was 

assessed based on their retardation coefficients (R) and degradation half-life 

determined from the experimental data. Degradation lag times and bacterial 

acclimation was also assessed based on changes in degradation rate during the 220 

day experiment. 

 

2. Materials and methods 

2.1. Chemicals 

1-H-benzotriazole (BTri, 99%) and 5-methyl-benzotriazole (5-MeBT, 98%) was 

purchased from Sigma-Aldrich (Sydney, Australia). Sodium azide (NaN3, 99%) was 

supplied from Fronine Laboratory Supplies (Sydney, Australia). Sodium bromide (NaBr) 

was purchased from Hayashi Pure Chemical Ind. Ltd. (Osaka, Japan). HPLC grade 

methanol was obtained from Merck (Darmstadt Germany) and formic acid (98%) from 
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Ajax Finechem (Tarren Point Australia). Milli-Q water  10 mΩ) was obtained from 

ultrapure water system (Millipore, Australia). 

 

2.2.Aquifer sediment 

Sediment used in column experiments was collected from the confined 

anaerobic Leederville aquifer in Perth, Western Australia. Sediment was obtained by 

rotary auger over a proposed MAR injection depth interval from 120 m to 220 m below 

the ground level. The sediment collected comprised discontinuous clays, silts and 

interbedded sands (Playford et al., 1976). In order to prevent the oxidation of 

sediment, the sediment was directly transferred to 10 L buckets and saturated with 

anaerobic groundwater and maintained at 4 °C. Prior to packing the sediment in the 

columns, the sediment was homogenized and sieved to provide material more 

representative of the sandy zones of the Leederville aquifer where the majority of 

groundwater flow was observed (Patterson et al., 2010). Anaerobic conditions of the 

sediment was maintained by wet sieving the sediment with anaerobic groundwater 

while maintaining sediment saturated conditions to prevent exposing the sediment to 

atmospheric conditions. Reductive sediment conditions within the columns were 

confirmed during the experiment by periodically monitoring of column water redox 

potential (ORP). 

Details of the sediment properties are given in Patterson et al. (2010). In brief, 

the mineralogy of the sediment, as determined by X-ray defraction (XRD), was 

predominantly quartz (72%), and K-feldspar (24%), with Na-feldspar (2%) and small 

quantities of pyrite (2%). Additional minerals were below the limit of analytical 

detection (<1%). Sediment organic matter (SOM) was 0.32% w/w, and chromium 

reducible sulphur (SCr) was 0.71% w/w, consistent with the XRD pyrite content. The 

sediment had a particle size distribution of >1 mm (10%); 1 mm to 500 µm (20%); 500-

250 µm (50%); 250-125 µm (17%) and <125 µm (3%). 
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The bacterial activity of the aquifer sediment was assessed using culture 

independent methods. Details of the bacterial analysis are given in Ginige et al. (2013). 

In brief, the presence of Actinobacteria, Alphaproteobacteria, Bacilli, 

Betaproteobacteria, Cytophagia, Flavobacteria, Gammaproteobacteria and 

Sphingobacteria was identified in the aquifer sediment.  

 

2.3. Column influent water 

Influent column water was collected from the advanced treatment plant 

located at the Beenyup Wastewater Treatment Plant, Perth Western Australia. This 

water consisted of secondary treated wastewater that had undergone further 

purification by microfiltration, reverse osmosis, and ultra violet disinfection. Chemical 

analysis data of the column influent water is given in Table 2. 

Table122-Chemical composition of the influent recycled water 

     Chemical Concentration (mg L
-1

) 

      Na 12 

      K 0.74 

      Mg < 0.1 

      Ca 0.53 

      Cl 5.7 

      HCO3 < 20 

      SO4 0.4 

      NO3-N 1.1 

      dissolved organic carbon (DOC) < 1.0 

      dissolved oxygen (DO) 

      pH 

6.8 

8.1 
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2.4. Experimental setup 

The experimental setup consisted of two stainless steel columns.One column 

was used as a sterile control column, while the other column was used as a non-sterile 

experimental column to assess biodegradation of the BTs. Each column was 2 meters 

long with an internal diameter (i.d.) of 14.5 cm. Each column contained a total of 17 

sampling ports, of which 11 were used in this study. Of the 11 sampling ports used, the 

first port was positioned exactly at the bottom of the column (0cm), while the other 

ports were located at 4, 18, 32, 46, 59, 75, 92, 125, 158 and 192 cm from the base. 

Each sampling port consisted of a 0.4 cm i.d. stainless steel tube that extended 6.0 cm 

from the column wall to the centre of the column.  To prevent sediment entering the 

sampling port, stainless steel mesh (0.1 cm diameter) was placed in the inner end of 

the stainless steel tube. The outer end of the tube contained a silicone septum to allow 

a syringe needle to be inserted for the collection of column water samples. Purging the 

sampling port (5 mL) prior to sampling prevented the sampled water coming in contact 

with the silicone septum.  

Columns were wet packed with homogenized and sieved sediment while the 

column gas space was flushed with nitrogen gas to maintain anaerobic conditions. 

During column packing anaerobic groundwater from the Leederville aquifer was added 

to the column to maintain a water level above the packed sediment to prevent 

sediment stratification during packing. The columns were then operated in a saturated 

up flow mode, pumping recycled water through the two columns using separate MCP 

standard drive pump (ISMATEC) at a flow rate of 190 mL d-1. 

For the experimental column, influent column water was stored in a 5 L SKC® 

Flexfoil Grab Bag and spiked with BTs and sodium bromide (conservative tracer). The 

final concentration of BTri and 5-MeBT was 200 ng L-1 each, while the concentration of 

bromide was 50 mg L-1. For the control column, influent water stored in a 3 L SKC® 

Flexfoil Grab Bag was the same as the experimental column influent water, except for 

the inclusion of sodium azide (final concentration of 0.65 g L-1) to inhibit biological 

activity in the influent water, on the sediment and the column infrastructure. To 
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reduce the potential for BTri and 5-MeBT degradation prior to injection into the 

columns, fresh influent water solutions were prepared every two weeks with sodium 

azide. Sodium azide has been confirmed to inhibit microbial activity (Gillham and 

O'Hannesin, 1994). Analysis of influent water after the two week storage period 

showed that concentration of BTri and 5-MeBT in sample bags remained at > 95 % of 

the initial concentration for both the sterile and non-sterile columns. 

 

2.5. Sampling and Chemical Analysis  

Column water samples from each of the 11 chosen sampling ports for each 

column were collected monthly using a gas-tight glass syringe (SGE). For the analysis of 

BTs and bromide, a total volume of 10 mL was collected from each port after purging 

the sampling port by removing 5 mL of column water. For BTri and 5-MeBT analysis, 2 

mL of column water was placed in a 2 mL HPLC vials from Sigma-Aldrich (Sydney, 

Australia) and analysed by liquid chromatography mass spectrometry (LC-MS). For 

bromide and inorganic analysis, 8 mL of column water was filtered using a 0.45 µm 

Supor® membrane syringe filter (PALL Life Science) and stored in 20 mL polypropylene 

vials (Gewindeflaschen Fiolax). 

Dissolved oxygen (DO), ORP and pH was also monitored periodically along the 

columns. However, due to large water sample volumes  required (200 mL) for reliable 

DO and ORP analysis coupled with the limited water volume within the columns, only 4 

sampling port locations were monitored (18 cm, 59 cm, 125 cm and 192 cm). To 

monitor DO, ORP and pH, column water samples were allowed to flow (at ~ 10 mL min-

1) from the sampling ports into a modified syringe containing the electrodes. pH, and 

DO were measured using a WTW Milti 3430 meter with IDS digital sensors, and ORP 

was measured using a WTW 3210 meter and Sentix ORP 900 electrode (3mol L-1 KCl 

reference electrolyte). 
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2.6. Analytical methods 

For BTri and 5-MeBT analysis, column water samples were filtered using a 0.45 

µm syringe filter a 0.45 µm Supor® membrane syringe filter (PALL Life Science) and 

then analysed by LC-MS with a Waters Alliance e2695 HPLC system coupled with a 

time of flight (TOF) mass spectrometer utilising Electrospray Ionization (ESI). The 

eluent contained a mixture of MQ-water (modified by 0.1% formic acid) and Methanol 

(MeOH) (70:30). The separation of BTs was achieved using a 3.5 µm 2.1×100 mm 

XBridge Phenyl column with 3.5 µm particle size (Waters). The column temperature 

was 30 °C and 50 µL of sample volume was injected into the HPLC with a flow rate of 

0.3 mL min-1. This method provided a detection limit of 2 ng L-1 for BTri and 5-MeBT. 

A LCT Premier XE time-of-flight (TOF) mass spectrometer (Waters) was used in 

the interface of Z-spray. The operating system of the spectrometer was Mass Lynx. The 

ESI probe operated in positive ion mode. A nitrogen gas generator (Parker Domnick 

Hunter) was used as a nebulising and drying gas. The temperature of desolvation was 

300 °C. The temperature of the source operated at 80 °C with a desolvation gas flow of 

750 L h-1, and the cone gas flow of 10 L h-1. The capillary voltage was 3 kV and the 

sample voltage was 60 V.  

For the analysis of BTri and 5-MeBT biodegradation products, columns samples 

and effluents were analysed using a Waters Alliance e2695 HPLC system with a 

TOF/atmospheric pressure chemical ionization (APCI)-MS. The APCI probe was 

operated in positive and negative ion mode. The desolvation gas flow was operated at 

750 L h-1, while the cone gas flow was set at 10 L h-1 and the corona was 7 µA. The 

temperature of the source, desolvation and column, as well as the sample voltage and 

the sample volume were as described above. The mobile phase constituted using MQ-

water (100%) for the first two minutes, followed by a liner gradient elution to MeOH 

(100%) over 18 minutes, and MeOH (100%) for a final 15 minutes. The separation of 

the degradation products was achieved using a 3.9×150 mm Symmetry® C18 column 

(Waters). 
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For bromide and inorganic analysis, 500 μL of a filtered column water sample 

was spiked with 50 μL of 200 mg L-1 of LiF (as an internal standard), and then 10 µL of 

the mixture was then analysed using a Dionex ICS-3000 RFIC with an AG181 4 mm 

column. A 33 mM potassium hydroxide eluent was used at a flow rate of 1 mL min-1. 

The column temperature was set at 40 oC. 

 

2.7. Biodegradation products Analysis 

BTri and 5-MeBT biodegradation products in the column experiment were 

verified using the LC-TOF/APCI-MS methodology discussed above. In order to identify 

the biodegradation products, column water samples were collected on day 220 day 

from both columns (sterile and non-sterile columns). Samples from the sterile column 

were used to verify that degradation products were only present in non-sterile column 

samples. 

To identify degradation products, column water samples were concentrated 

utilising solid phase extraction (SPE). Column water samples were collected from three 

ports of each column (32, 92 and 158 cm from the base) and from the column effluent. 

The samples were immediately filtered using a 0.45 µm Supor® Membrane syringe 

filter (PALL Life Science) prior to SPE concentration. 

To concentrate the column water samples (150 mL) and column water effluents 

(1 L), Oasis HLB cartridges were used (6 mL polypropylene, 500 mg from Waters). 

Firstly, the SPE cartridges were conditioned with MeOH (10 mL). Each cartridge was 

then equilibrated using 10 mL of Milli-Q water before the either a column water or the 

effluent sample was passed through the cartridge. The sample was added in batch 

amounts of 5 mL until sample exhaustion, ensuring cartridge submersion at all times. 

The cartridge was then eluted with 10 mL of MeOH / acetonitrile (ACN) (50:50). The 

elution was collected and evaporated under a gentle stream of nitrogen to near-

dryness. The residues were dissolved in 1.5 mL Milli-Q water and then transferred into 

a HPLC glass vial for LC-MS analysis to determine the presence of the biodegradation 
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products. In order to test the recovery of SPE for the potential biodegradation 

products of BTri and 5- MeBT, a 10 µg L-1 stock solutions of pure phenol and aniline 

(99%) were prepared. The SPE recovery of aniline and phenol was found to be 

approximately 95%. 

 

3. Results and Discussion 

3.1. Retardation coefficients (R) 

Retardation coefficients (R) of BTri and 5-MeBT were determined by comparing 

the migration rate of BTri and 5-MeBT with the migration rate of the conservative 

tracer bromide along the column. Sterile column data was used in preference to the 

non-sterile column data to eliminate the effect of biodegradation of BTri and 5-MeBT 

confounding the interpretation of the data. Data from 30 days after bromide and BTs 

were introduced into the column was used to determine the R values. Data from day 

30 (Fig. 1) was used to provide sufficient time for bromide to migrate a substantial 

distance (up to 150 cm) along the column, without breakthrough at the column 

effluent. This enabled data from more sampling ports to be used to estimate R values.  

To determine R values for BTri and 5-MeBT, the bromide data were fitted using  

Origin v6.1 software to the convection-dispersion equation (Parker and Genuchten, 

1984), using a nonlinear least squares fitting routine based on the Levenberg-

Marquardt algorithm (MICROCAL, 1995). Linear sorption isotherms were assumed. The 

BTri and 5-MeBT data were then fitted to the convection-dispersion equation, 

constrained by the bromide fitted parameters, except the R value which was used as 

the fitting parameter. From the experimental data, R values of 2.0 and 2.2 were 

estimated for BTri and 5-MeBT for the Leederville aquifer. 
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Fig.41. Breakthrough data for bromide (Br), BTri and 5-MeBT on day 30, for the sterile control column. 

3.2. Sorption Coefficients (Kd) 

In comparing sorption data from this study to literature data, R values were 

converted to sorption coefficient (Kd) data and organic carbon water partition 

coefficient (Koc) data. Kd values were calculated using equation (1), with a sediment 

porosity  σ) value of 0.402 L L-1 (estimated from the bromide tracer breakthrough 

experiment) and Leederville aquifer bulk density (ρ) of 1.51 kg L-1 (Patterson et al., 

2010). From this data, Kd values of 0.26 L kg-1 and 0.32 L kg-1 were calculated for BTri 

and 5-MeBT. 

Kd= (R– 1) / (ρ / σ)      Equation 1 

Log Koc values were then calculated from Kd values using equation (2), with a 

sediment organic matter (SOM) content of 0.32% w/w (0.0032 kg kg-1) (Patterson et 

al., 2010). From this data, Log Koc values of 1.91L kg-1and 2.00 L kg-1 were calculated for 

BTri and 5-MeBT. 

Log Koc = Log (Kd/ SOM)    Equation 2 
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A summary of reported BTri and 5-MeBT sorption data in various environments is 

tabulated in Table 3. Log Koc values for BTri (Log Koc 1.5 to 1.9) and 5-MeBT (Log Koc 

1.59 to 2.04) in the literature were consistent with data from this study (BTri - Log Koc 

1.91; 5-MeBT - Log Koc 2.00) (Table 3). These Log Koc values are also consistent with the 

octanol-water partition coefficients (Log Kow) of 1.02 for BTri and 1.68 for 5-MeBT 

(Table 1). 

Sorption of BTri and 5-MeBT to sediments is particularly complex due to their 

dipole moment and hydrophobic nature (Hart et al., 2004). This can occur through a 

combination of hydrophobic partitioning-attraction with SOM and through attractive 

electrostatic forces with mineral surfaces, with sorption being highly dependent upon 

the degree of dissociation  (Jafvert, 1990). The dipole moments of BTs restrict 

hydrophobic partitioning at high pH (Hart et al., 2004). The pKa of BTs (8.2 – 8.5, Table 

1) suggests that at neutral or acidic pH, BTs are non-ionic, and likely to disassociate at 

basic pH (Reemtsma et al., 2010).  

At neutral pH, Hart et al. (2004) demonstrated that there was a strong positive 

correlation between Kd values and SOM for both BTri and 5-MeBT (Table 3), suggesting 

hydrophobic sorption was the dominant sorption process. Hart et al. (2004) 

demonstrated that the sorption of 5-MeBT was reduced up to 50% at pH 7.5 compared 

to pH 5.8, suggesting reduced hydrophobic sorption at higher pH. However, Bronner 

and Goss (2010) observed limited sorption difference between pH 4.5 and 7.2 for BTri. 

These contrasting results confirm that the sorption mechanism of BTs are complex and 

is likely site and sediment specific.  

For 5-MeBT, the consistency of the sorption data from this study with other 

literature data and the limited range in Log Koc literature data (e.g. Table 3; Log Koc 

generally < 0.5 Log unit difference) even over a large pH range suggests the estimated 

R value of 2.0 determined from the column experiment was reliable. For BTri, the 

sorption data from this study (Log Koc 1.91) was within the Log Koc literature data range 

(Log Koc 1.27 to 2.16) again suggesting the estimated R value of 2.2 determined from 

the column experiment was reliable (Bi et al., 2006; Burke et al., 2013; Hart et al., 

2004). Based on the sorption data from this study, BTs would travel at a velocity of 
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approximately half that of the groundwater velocity if it was present in the Leederville 

aquifer. 

Table 3-13Sorption data of BTri and 5-MeBT. 

Compounds matrix pH R kd (L kg
-1

) Log Koc (L kg
-1

) References 

BTri Anaerobic sediment 8.1 2.0 0.26 1.91 This study 

 Pahokee Peat 7.2 - - 2.12 (Bronner and Goss, 2010) 

 Pahokee Peat 6 - - 1.86 (Bronner and Goss, 2010) 

 Pahokee Peat 4.5 - - 2.16 (Bronner and Goss, 2010) 

 Wulpen sand 6.9 - 0.18 ±0.01 1.48 (Yu et al., 2009) 

 Lufa 2.2 4.9 - 0.43±0.11 1.27 (Yu et al., 2009) 

 E5 2.9 - 6.0±0.23 1.97 (Yu et al., 2009) 

 E4 6.5 - 1.88 - (Bi et al., 2009) 

 E4 7.02 1.92 0.27 - (Bi et al., 2006) 

 1.72* 7.4 - 0.782 1.66 (Hart et al., 2004) 

 0.99* 7.5 - 0.621 1.8 (Hart et al., 2004) 

 0.33* 6.8 - 0.262 1.9 (Hart et al., 2004) 

 0.27* 7.6 - 0.086 1.5 (Hart et al., 2004) 

5-MeBT Anaerobic sediment 8.1 2.2 0.32 2.00 This study 

 1.72* 7.4 - 1.623 1.97 (Hart et al., 2004) 

 0.99* 7.5 - 0.942 1.98 (Hart et al., 2004) 

 0.33* 6.8 - 0.364 2.04 (Hart et al., 2004) 

 0.27* 7.6 - 0.106 1.59 (Hart et al., 2004) 

 sediment 8.3 2.8 0.56 2.44 (Burke et al., 2013) 

E4= Column experiments packed with Eurosoil4. 
E5= Column experiments packed with Eurosoil5. 
Lufa 2.2= European standard soil. 
Wulpen sand=a dune aquifer from ground surface, Belgian.  
Pahokee Peat = Standard from the International Humic Substances Society. 
* = organic carbon percentage (%). 

Since the pH of the column water was close to the pKa of the BTs for both the 

sterile and non-sterile columns, the BTs were likely present in both the ionic and non-
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ionic forms. Therefore, if aerobic recycled water was injected into the Leederville 

aquifer, pyrite oxidation and pH reduction (Patterson et al., 2010) could result in 

marginally greater sorption of BTri and 5-MeBT in the Leederville aquifer in the long-

term. 

 

3.3. Degradation of BTri and 5-MeBT 

3.3.1. Degradation lag-times 

BTri and 5-MeBT concentration data for the non-sterile and sterile columns 

over time are shown in Fig. 2 and Fig. 3.  The limited removal of BTri and 5-MeBT from 

the sterile control column provided evidence that sodium azide had inhibited the 

activity of BTri and 5-MeBT degrading microorganisms. Concentration profiles of BTri 

and 5-MeBT for days 20 and 30 (after BTri and 5-MeBT was introduced into both 

columns) were similar for the non-sterile and sterile columns, suggesting that sufficient 

bacterial degrading populations had not developed by day 30. Gradual removal of BTri 

and 5-MeBT from the non-sterile column was observed at day 60. This same level of 

removal was not determined the sterile column. Subsequent sampling events showed 

a greater contrast between the non-sterile and sterile columns, suggesting 

biodegradation of BTri and 5- eBT was occurring  Fig’s. 2 and 3). From this data, a 

biological degradation lag-time of 30 to 60 days was estimated. This lag-time was 

longer, but generally consistent with Liu et al. (2011), who reported microbial activity 

increased after an initial stagnant phase of 14 days when investigating BTri 

biodegradation under most redox conditions (Table 5).  
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Fig. 2.5BTri concentrations (ng L
-1

) on day 220 for A) the non-sterile column and B) the sterile column. 
The circles indicate sampling locations and times. 

 

Fig. 3.65-MeBT concentrations (ng L
-1

) on day 220 for A) the non-sterile column and B) the sterile 
column. The circles indicate sampling locations and times. 
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3.3.2. Half-lives and degradation rates 

As near-full breakthrough of BTri and 5-MeBT had occurred in the sterile control 

column effluent water by sampling day 90 (Figs. 2 and 3), the latter sampling event 

data (between day 90 and 220) was used to estimate biodegradation rates. To 

estimate the biodegradation rate of BTri and 5-MeBT, concentration data for each 

sampling event between day 90 and 220 were plotted against the column residence 

time data (e.g. Fig. 4).  The column residence time at each sampling port along the 

column was determined by dividing the port distance (from the base of the column) by 

the travel velocity of each compound. To account for sorption of BTri and 5-MeBT, the 

compounds travel velocity was determined by dividing the column water velocity (2.86 

cm day-1; determined from the bromide tracer experiment) by the R value for each 

compound (Table 3). Thus, by plotting the concentration data against the column 

residence time data, the effect of sorption of BTri and 5-MeBT to the aquifer sediment 

was taken into accounted when determining biodegradation half- lives. First order 

degradation profiles were fitted to the data, as first order curves provided a lower 

error than zero-order curves. Estimated biodegradation half-lives between day 90 and 

day 220 are shown in Table 4. By day 220, the biodegradation half-lives for BTri and 5-

MeBT in the non-sterile column were 29 ± 2 and 26 ± 1 days. Half-lives for BTri and 5-

MeBT in the sterile column were > 1000 days, and provided good evidence that 

removal of these compounds in the non-sterile column was biologically induced. In the 

non-sterile column, after an initial lag-time, half-life values were relatively stable with 

only a slow decrease in half life values (30 to 40 % decrease) between day 90 and 220. 

The slow improvement in the rate of biodegradation may reflect the establishment 

and improved degrading efficiency of the microorganisms within the column. With 

degradation occurring over the concentration range of 2 to 200 ng L-1 in the non-sterile 

column, no threshold concentration effect was observed at ng L-1 concentrations. 
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Fig. 4.7Half-life curves fitted to A) BTri data, and B) 5-MeBT data, for both the non-sterile and sterile 
columns for day 220. 
 

 
 

Table 4.14Estimated half lives for BTri and 5-MeBT for the sterile and non-sterile columns. 

Column Compound Degradation half life(days) 

  
Day 90 Day 120 Day 150 Day 180 Day 220 

Non-sterile BTri 42 ± 2 41 ± 2 35 ± 2 32 ± 1 29 ± 2 

Non-sterile 5-MeBT 43 ± 2 41 ± 2 32 ± 1 29 ± 1 26 ± 1 

Sterile BTri >1000 >1000 >1000 >1000 >1000 

Sterile 5-MeBT >1000 >1000 >1000 >1000 >1000 

 

 

Degradation studies of BTri and 5-MeBT under varying environmental 

conditions are shown in Table 5. Comparing biodegradation rates of this study to the 

only other laboratory-based study with similar environmental conditions (anaerobic 
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aquifer conditions, Liu et al., 2013) showed that degradation rates for both BTri and 5-

MeBT were relatively consistent, with final degradation rates approximately twice as 

fast as that reported byLiu et al. (2013).  The marginally greater degradation rates 

were likely a result of the different experimental conditions and design, including: 

column experiments compared to microcosm batch experiments; ng L-1 compared to 

mg L-1 concentrations; 220 day compared to a 77 day timeframe; aquifer material; and 

conceivably different microbial populations (Cheng et al., 2006; Puttanna et al., 1999). 

The observed degradation of BTri in this study and the study by Liu et al. (2013) 

is in contrast to the field-based aquifer investigation conducted by Breedveld et al. 

(2003) who concluded that no degradation of BTri occurred. This discrepancy could be 

a result of different aquifer material and/or microbial populations, or the difficulty in 

investigating biodegradation of contaminants at field scale. However, Hollingsworth et 

al. (2005) also did not observe biodegradation under sulfate reducing conditions in a 

sludge bioreactor experiment, suggesting that this discrepancy may not be due to 

difficulty in investigating biodegradation of contaminants at field scale, but could be a 

result of different aquifer material and/or microbial populations or the higher organic 

loading in the sludge bioreactor. 

While the observed degradation of 5-MeBT in this study and the study by Liu et 

al. (2013), biodegradtion  was not observed by Hollingsworth et al. (2005) under 

sulfate reducing conditions in a sludge bioreactor experiment, and by Gruden et al. 

(2001) in anaerobic digester experiments, again highlighting that biodegradation could 

be highly dependent on aquifer material, microbial populations and/or organic loading. 

Under aerobic environmental conditions, biodegradation of BTri was 

inconclusive, with Jia et al.  (2006) reporting no degradation in soil microcosms while 

Weiss et al. (2006) and Liu et al., (2011 and 2013) reporting biodegradtion in 

membrane bioreactors, sewage  and aquifer microcosm experiment. For 5-MeBT, 

biodegradation under aerobic conditions was consistent with Weiss et al. (2006) and 

Liu et al., (2011 and 2013) observing biodegradation.  
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Table 5-15Summary of research published of BTri and 5-MeBT biodegradation under different environmental 
conditions. 

Compound Redox condition Environment  Degradation Reference 

BTri Anaerobic Aquifer  column expt t1/2  = 29 ± 1 This study 

 Aerobic Aquifer microcosm expt t1/2= 43 ± 4.8 (Liu et al., 2013) 

 Anaerobic  Aquifer microcosm expt t1/2= 57 ± 5.8 (Liu et al., 2013) 

 Nitrate reducing Aquifer microcosm expt t1/2= 76 ± 6.7 (Liu et al., 2013) 

 Sulfate reducing Aquifer microcosm expt t1/2= 83 ± 5.6 (Liu et al., 2013) 

 Fe (III) Reducing Aquifer microcosm expt t1/2= 47 ± 6.6 (Liu et al., 2013) 

 Aerobic Sewage microcosm expt t1/2= 114 (Liu et al., 2011a) 

 Anaerobic  Sewage microcosm expt t1/2= 144 (Liu et al., 2011a) 

 Nitrate reducing Sewage microcosm expt t1/2= 239 (Liu et al., 2011a) 

 Sulfate reducing Sewage microcosm expt t1/2= 315 (Liu et al., 2011a) 

 Fe (III) Reducing Sewage microcosm expt t1/2= 165 (Liu et al., 2011a) 

 Sulfate reducing Sludge bioreactor expt Not observed (Hollingsworth et al., 

2005) 

 Anaerobic  Aquifer field observation  Not observed (Breedveld et al., 2003) 

 Aerobic  Soil microcosm expt Not observed (Jia et al., 2006) 

 Aerobic Membrane bioreactor expt 61% reduction (Weiss et al., 2006) 

5-MeBT Anaerobic Aquifer  column expt t1/2  = 26 ± 1 This study 

 Aerobic Aquifer microcosm expt t1/2= 31 ± 3.9 (Liu et al., 2013) 

 Aerobic Aquifer microcosm expt t1/2= 59 ± 5.4 (Liu et al., 2013) 

 Anaerobic  Aquifer microcosm expt t1/2= 60 ± 4.8 (Liu et al., 2013) 

 Nitrate reducing Aquifer microcosm expt t1/2= 76 ± 7.8 (Liu et al., 2013) 

 Sulfate reducing Aquifer microcosm expt t1/2= 39 ± 3.6 (Liu et al., 2013) 

 Aerobic Sewage microcosm expt t1/2= 14 (Liu et al., 2011a) 

 Anaerobic  Sewage microcosm expt t1/2= 57 (Liu et al., 2011a) 

 Nitrate reducing Sewage microcosm expt t1/2= 128 (Liu et al., 2011a) 

 Sulfate reducing Sewage microcosm expt t1/2= 88 (Liu et al., 2011a) 

 Fe (III) Reducing Sewage microcosm expt t1/2= 41 (Liu et al., 2011a) 

 Sulfate reducing Sludge bioreactor expt Not observed (Hollingsworth et al., 

2005) 

 Anaerobic Digester expt Not observed (Gruden et al., 2001) 

 Aerobic Membrane bioreactor expt 61% reduction (Weiss et al., 2006) 

t1/2= half-life degradation in days 
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3.3.3. Removal mechanism 

Analysis of DO and ORP along the non-sterile column consistently showed DO 

values < 0.05 mg L-1 and ORP values -50 to 50 mV, even at 18 cm from the base of the 

column. DO concentrations reduced rapidly from 6.8 mg L-1 in the influent recycled 

water to < 0.5 mg L-1 within the first 18 cm of the column. ORP values also reduced 

rapidly from 350 mV in the influent recycled water to – 50 to 50 mV within the first 18 

cm of the column. The low ORP values of -50 to 50 mV at 18 cm and similar values 

further downgradient suggested reductive conditions along the column (> 90 % of the 

distance) during the column experiment. Further evidence of reductive conditions 

within the non-sterile column was the observed removal throughout the column 

experiment of low concentrations of nitrate over the first 0.5 m of the column (from 

1.1 mg L-1 to < 0.1 mg L-1). The persistence of nitrate in the sterile column provided 

good evidence that denitrifying conditions was maintained within the non-sterile 

column. Patterson et al., (2010) suggested that the high reductive capacity of 

Leederville sediment would result in rapid removal of dissolved oxygen from 

introduced aerobic recycled water. Under the experimental condition used, the 

formation and migration of an oxidised front from the injection of aerobic recycled 

water was not observed and the column redox conditions remained reductive during 

the experiment.   These results are consistent with the previous studies (Patterson et 

al., 2010; Pitoi et al., 2011; Ying et al., 2008). 

As removal of BTri and 5-MeBT occurred along the majority of the column 

(between 0 and 1.5 m from the base of the column), the mechanisms for removal of 

BTri and 5-MeBT was likely to be anaerobic reductive biodegradation or co-

metabolism. The reductive donation of electrons possibly resulted from the oxidation 

of SOM (0.32% w/w), or reduced minerals (e.g. pyrite; 2% w/w) which were present in 

Leederville sediment. Reductive donation of electrons from dissolved organic carbon 

(DOC) could also be possible, however the influent recycled water concentrations were 

low (DOC <1mg L-1). 

Of the bacterial groups identified in the sediment used in the columns, the 

third largest bacterial class was Betaproteobacteria with sequences spread across 6 
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operational taxonomic units (Ginige et al., 2013). The most dominant operational 

taxonomic unit of Betaproteobacteria contained sequences that showed close 

resemblance to sequences of genus Achromobacter of order Burkholderiales (Ginige et 

al., 2013). Burkholderiales may be responsible for the biodegradation of BTri and 5-

MeBT as they are known for their ability to utilize a diverse range of carbon sources 

including polycyclic aromatic hydrocarbons (Guo, et al., 2011).  

3.3.4. Degradation products  

 

BTri and 5-MeBT degradation products and pathways (Fig. 5) under anaerobic 

conditions were recently proposed (Liu et al., 2011a; Liu et al., 2013). Four degradation 

products of BTri were proposed, including: A) 1-methylbenzotriazole, which was 

thought to occur via methylation of the nitrogen atom of the BTri triazole chain; B) 

dimethyl benzylamine, formed through N-N bond methylation and scission; C) carbzole 

formed by N-N bond polymerization and scission; and phenol (D), which is the smallest 

molecular weight and is considered a secondary degradation product of BTri.  

Degradation products benzotriazole (E), 2-methyl benzenamine (F), and 2-

methylphenol (G) were proposed for 5-MeBT. These were likely formed via N-N bond 

scission and methylation. 

 

In this study, the presence of potential degradation products was investigated 

to provide further evidence of biodegradation of BTri and 5-MeBT. Degradation 

products in column water samples were assessed based on high-resolution mass 

spectral information for the compounds separated using the LC-TOF/APCI-MS. Analysis 

of column water samples collected on day 220 showed peaks that were identified as  

1-methyl benzotriazole (A) or 5MeBT( m/z 134.074), dimethylbenzylamine (B) (m/z 

136.087), carbazole (C) (m/z 168.056), BTri (parent compound and potential 

degradation product) (E) (m/z 120.055),2-methyl benzenamine (F) (m/z 107.056) and 

2-methylphenol (G) (m/z 109.065). Likewise, Phenol (D) was observed at m/z 93.855 in 

the negative ion mode. Meanwhile, 2-methylphenol (G) was detected in both negative 

and positive ion modes (m/z 109.065 and m/z 107.009). Interestingly, an unidentified 
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potential degradation product was observed at m/z 214.106 (positive ion mode) and 

m/z 213.087 (negative ion mode). This result is consistent with Liu et al. (2013), who 

found an unidentified compound at mass m/z 214. In addition, other unidentified 

peaks with m/z 204.850 and m/z 194.092 were detected. However, their relations to 

the BTs degradation products could not be confirmed.  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

A summary of locations and relative concentrations based on relative peak area 

of the detected degradation products is given in Table 6. Authentic standards for the 

most of the degradation products were not available, so relative concentrations based 
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Fig. 5.8Proposed biodegradation products of BTri (left) and 5-MeBT (right) under anaerobic condition. A) 1-methyl 

benzotriazole; B) dimethylbenzylamine ; C) carbazole ;  D) Phenol;  E) BTri; F) 2-methylbenzenamine; and G) 2-
methylphenol. Adapted from (Liu et al., 2011a; Liu et al., 2013). 
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on the peak area were used. The relative concentrations of the degradation products 

were defined relative to the maximum observed concentration for that degradation 

product in the columns. For peak areas 75 % to 100 % of the maximum peak area, the 

relative concentration was defined as high (+++ = high concentration); 25 % to 75 % 

was moderate (++ = moderate concentration); and above detection to 25 % was low (+ 

= low concentration). Comparison of the same degradation product along the non-

sterile column provided an indication where within the column the degradation 

products were formed and degraded. All degradation products were degraded within 

the column.  Comparison between the different degradation products formed was 

problematic since analytical response factors of each degradation product may be 

different, and was not assessed. As a number of the previously proposed degradation 

products were only observed in the non-sterile column, these data provide another 

line of evidence to support biodegradation of BTri and 5-MeBT. 

Table 6-16Relative concentration of the degradation products detected based on peak area for the non-sterile and sterile 
columns.  

Column Compound Mass (m/z) Sample location (cm from the base of the column) 

 
 

 
32 92 158 200 (effluent) 

Non-sterile Dimethyl benzylamine (B) 136.087 +++ ++ + nd 

 
Carbzole (C) 168.056 + ++ +++ nd 

 
Phenol (D) 93.855 + ++ +++ nd 

 
2-methyl benzenamine (F) 107.056 + +++ ++ nd 

 
2-methylphenol (G) 109.65 + ++ +++ nd 

 
Unidentified 214.106 + ++ +++ nd 

 
Unidentified 204.85 + ++ +++ nd 

 
Unidentified 194.092 + +++ ++ nd 

Sterile Dimethyl benzylamine (B) 136.087 nd nd nd nd 

 
Carbzole (C) 168.056 nd nd nd nd 

 
Phenol (D) 93.855 nd nd nd nd 

 
2-methyl benzenamine (F) 107.056 nd nd nd nd 

 
2-methylphenol (G) 109.65 nd nd nd nd 

 
Unidentified 214.106 nd nd nd nd 

 
Unidentified 204.85 nd nd nd nd 

 
Unidentified 194.092 nd nd nd nd 

+++  = high concentration 
+++  = moderate concentration 
+  = low concentration 
nd = not detected 
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Additional studies using other analytical instruments such as ultra-performance 

liquid chromatography-mass spectrometry (UPLC-MS), two dimensional gas 

chromatography mass spectrometry (GC/GC-MS) and/or nuclear magnetic resonance 

(NMR) spectroscopy may be required for further identification of biodegradation 

products and pathways of BTri and 5-MeBT in the environment. 

 
4. Conclusion 

 

The 220 day column experiment that mimicked a managed aquifer recharge 

(MAR) replenishment strategy showed that BTri and 5-MeBT were relatively mobile 

with retardation coefficients of 2.0 and 2.2, respectively. After an estimated lag time of 

30 to 60 days, first-order biodegradation of BTri and 5-MeBT was observed with 

biodegradation half-lives of 29 ± 2 and 26 ± 1 days, respectively. The biodegradation 

most likely occurred as a reductive degradation process. The detection of degradation 

products in column water from the non-sterile column provided further evidence of 

BTri and 5-MeBT biodegradation. No threshold effect to biodegradation was observed 

at the 200 ng L-1 concentration used for this experiment. These results suggest that if 

BTri and 5-MeBT were present in recycled water recharged to the Leederville aquifer, 

biodegradation during aquifer passage is likely given sufficient aquifer residence times 

or travel distances between recycled water injection and groundwater extraction. 
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ABSTRACT 

Benzotriazole (BTri) and its derivative 5-methylbenzotriazole (5-MeBT) are used in a 

wide range of industries as well as in many household detergents and are found 

worldwide as contaminants in water supplies including drinking water. It is unknown 

whether phytoremediation of these common pollutants would be feasible. A 

glasshouse study was conducted to investigate effects of BTri and 5-MeBT (BTs) at 

concentrations of 50 and 100 mg L−1 on growth of wheat (Triticum aestivum L.), canola 

(Brassica napus L.) and chickpea (Cicer arietinum L.), and their capacity to remove 

pollutants from rhizosphere and non-rhizosphere soils under optimal and deficient 

manganese (Mn) supply.  

Over the course of 6 weeks, plant growth and biomass were significantly 

influenced by Mn availability and the concentration of BTs. Cicer arietinum L. did not 

survive when exposed to BTs at 100 mg L-1. BT removal was substantially different 

between the three plant species. The removal of BTs was significantly higher in soils 

spiked with Mn. A significant reduction in BT concentrations was demonstrated across 

all species in non-rhizophere soils at approximately 75%, 67% and 62% in wheat, 

canola and chickpea respectively.  
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The capacity of the three plant species to remove BTri and 5-MeBT from soil 

suggests that a phytoremediation option is feasible, there is providing sufficient Mn 

present.   

Keywords: benzotriazole; 5-methylbenzotriazole; Phytoremediation; Manganese 

availability. 

 

1. Introduction 

Phytoremediation is a process whereby plants facilitate degradation and/or 

removal of organic or inorganic contaminants in soil. This can occur by either plants 

taking up contaminants into the plant tissues through roots or microbial degradation in 

the soil-plant-microbe system in the rhizosphere (a layer of soil surrounding, and 

strongly influenced by, roots). With large amounts of various organic and inorganic 

pollutants being discharged into the environment, phytoremediation is a promising 

approach in minimizing pollutant impacts and risks (Diaz-Cruz and Barcelo, 2008; 

Hollender et al., 2008b).  

Benzotriazoles (BTs) including benzotriazole (BTri) and its derivative 5-

methylbenzotriazole (5-MeBT) are commonly utilised in many industries for purposes 

such as corrosion inhibitors in aircraft deicing and anti-icing fluids (ADAF), household 

detergents and for silver protection products (Allam et al., 2009; Janna et al., 2011; 

McNeill and Cancilla, 2009; Sulej et al., 2011; Vetter and Lorenz, 2012). Properties such 

as water solubility, high polarity and non-volatile nature, including resistance to UV 

irradiation and oxidative attack, contribute to the longevity of these contaminants in 

the environment (Kim et al., 2011a; Liu et al., 2011b; Malhas et al., 2007; Wu et al., 

1998). The relative properties and chemical structures of these compounds are 

illustrated in table 1.  

The properties of BTs coupled with their toxicity to microorganisms lead to a 

reduction in their degradation rate in soil, enhancing the risk of these pollutants  
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reaching surface and groundwater sources (Janna et al., 2011; Reemtsma et al., 2006; 

Weiss and Reemtsma, 2005). For instance, studies of these contaminants in Europe 

found that BTs are being continuously emitted, and as their degradation rate is slow, 

they are accumulating in surface waters. Consequently, these contaminants find their 

way to the subsoil and ultimately to the groundwater and aquifers, which are likely to 

be used as sources of drinking water (Jia et al., 2006; Loos et al., 2010; Reemtsma et 

al., 2006; Weiss et al., 2006). 

Most wastewater treatment systems cannot completely remove polar 

compounds such as BTs. The removal efficiency for BTri (83–90%) was found to be 

higher in constructed wetlands than conventional wastewater treatment plants (~65–

70%). This was attributed to greater biodegradation, photodegradation and plant 

uptake (Matamoros et al., 2010a). This suggests that a phytoremediation technique 

employing plants and associated microorganisms in soil and water can be used to 

remove BTs (Castro et al., 2005; Reemtsma et al., 2010).  

Potential BT phytoremediation has been investigated in studies using sunflower 

(Helianthus annuus) and grass (Festuca arundinacea K-31 cultivar) seedlings. These 

species achieved normal growth with slight yellowing of leaves when irrigated with BTs 

(25 mg L-1) (Castro et al., 2001). Plants survived a 50 mg L-1 dose; however, 100 mg L-1 

was correlated with stunted growth in all species (Castro et al., 2001; Castro et al., 

2005). Further examples illustrated the gradual removal of BTs by white rot fungus 

(Phanerochaete chrysosporium) and horseradish plants (Armoracia rusticana) (Wu et 

al., 1998). Interestingly, despite their supposed uptake of BTs, no accumulation was 

observed in plant tissues. Nevertheless, it is thought that BTs are either transformed 

by microbial and enzymatic activity in the rhizosphere, incorporated into the plant 

tissues, or degraded within the plant.  
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Table171– Chemical structure and relevant properties of BTri and 5-MeBT. 

 

Common name 

 

Benzotriazole (BTri), 

1H-benzotriazole 

 

5-methylbenzotriazole (5-MeBT), 

 

 

References 

 

Chemical structure 

 N
N

N

H

 H3C N
N

N

H

 

 

 

CAS No. 

 

95_14_7 

 

136_85_6 

 

Log Kow 1.23 1.89 (Hart et al., 2004) 

Log Koc 1.02 1.68 (Hart et al., 2004) 

Melting point (°C) 98-99
o
C 76-87

o
C (Castro et al., 2005) 

pKa (conjugated acid) 8.2 8.5 (Hart et al., 2004) 

Vapour pressure (at 20° C) 5 Pa 3 Pa (Castro et al., 2005) 

Solubility in water (at 25° C) 28 g L
-1

 7 g L
-1

 (Giger et al., 2006) 

Solubility in methanol (at 25 °C) 1.33 g L
-1

 1.16 g L
-1

 (Castro et al., 2005) 

Refractive index 1.73                              1.68 (Malhas et al., 2007) 

Henry’s low coefficient (at 25 °C) 

 

       3.17 × 10
-7

 m
3
/mol                    3.14 × 10

-7
 m

3
/mol (Castro et al., 2005) 

 

Phytoremediation can be effectively applied to the removal of contaminants 

from an environment. However, challenges such as dynamic environmental stressors 

and nutrient deficiency have been encountered in the application of phytoremediation 

techniques outside the laboratory setting (Gerhardt et al., 2009). Therefore, the 

combined presence of organic contaminants and variable micronutrient availability 

may affect the phytoremediation processes as they may interact with rhizophere biota 

(Castro et al., 2000; Marschner et al., 2003b; Rengel and Marschner, 2005).  

Many soils around the world experience unfavourable properties including 

variable Mn availability. Such low-Mn soils are particularly frequent in regions affected  
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by aridity, coarse texture and high soil pH. For example, low Mn availability often 

occurs in Danish (Hebbern et al., 2005), Swedish (Stoltz and Wallenhammar, 2014), 

Indian (Samal et al., 2003) and Australian fields (Marschner et al., 2003a) due to sandy 

texture and high pH. It is largely unknown which plant species could be suited for BTs 

remediation in these conditions and promote degradation and/or uptake of BT 

pollutants such as BTri and 5-MeBT. With a need to better understand the variable 

effectiveness of accumulator plant species in phytoremediating contaminants such as 

BTs, the central aim of this study was to evaluate the BT uptake capabilities of wheat, 

canola and small-seeded desi chickpea under Mn-deficient and Mn-sufficient 

conditions. 

2. Materials and Methods  

2.1. Chemicals and materials 

Benzotriazole (BTri, 99% by mass) and 5-methyl-benzotriazole (5-MeBT, 98% by 

mass) were purchased from Sigma-Aldrich. Milli-Q   Q) water  10  Ω) was obtained 

from an ultrapure water system (Millipore, Australia). HPLC grade methanol was 

obtained from Merck (Darmstadt Germany) and formic acid (98%) analytical grade 

from Ajax Finechem (Taren Point Australia). Supor® membrane syringe filters (0.45-µm) 

(PALL Life Sciences) were obtained from Pall Corporation (Port Washington, NY, USA). 

BTri and 5-MeBT were dissolved in MQ-water at concentrations of 50 mg L-1 and 100 

mg L-1 for watering seeds and blank pots (as control). Fresh stock solution standards of 

BTri and 5-MeBT samples were prepared weekly at concentration of 1 g L-1. 

2.2. Experimental setup 

This experiment was conducted in a glasshouse at the University of Western 

Australia (UWA), in controlled temperatures between 20-30 ◦C (day/night) and plant 

growth under natural-light conditions. White sandy soil without detectable BTri and 5-

MeBT was obtained from Hazelmere (Western Australia), air-dried and sieved through 

2-mm mesh. This soil was largely sand containing <5% clay and no gravel. The 

physiochemical properties of the soil were: pH water (soil:water 1:5) 6.3, electrical  
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conductivity (EC) 0.014 dS m−1, organic carbon < 0.5 g kg-1, DTPA manganese (Mn) 

<0.01 mg kg−1, phosphorus was <2 mg kg−1 and both concentrations of ammonium 

nitrogen and nitrate nitrogen were <1 mg kg−1. 

The white sandy soil was placed in plastic bags in 2.5-L pots (165 mm in 

diameter and 125 mm in height) at 3 kg per pot. Subsequently, nutrient solutions were 

added following the methodology reported by Zhang et al. (2010 and 2012). Nutrient 

solutions were prepared in MQ-water (in mg kg-1): N 33.3, P 20.5, K 88.7, S 34.2, Ca 41, 

Cl 72.5, Mg 3.95, Zn 2.05, Cu 0.51, B 0.12, Co 0.11, Mo 0.08, Fe 2.03 and Mn 3.26, and 

pipetted onto the soil surface in all treatment groups with the exception of the Mn 

solution to the Mn-deficient treatments. Soils were allowed to dry overnight before 

CaCO3 (0.3% of the soil weight; 9 g/pot) was added to the soil surface the following 

day. The soil samples were then subject to vigorous manual shaking before re-potting 

(Zhang et al., 2012; Zhang et al., 2010). 

Before planting the chickpea seeds, a preventative fungicide drench was 

applied using Apron XL 350 ES fungicide seed treatment from Syngenta (0.2 mL/30 g 

seed) to avoid root pathogens. Each pot was watered with 200 mL MQ-water prior to 

sowing the seeds. All species (canola, wheat and chickpea) were sowed with eight 

seeds per pot before 100 mL of MQ-water was added. Polythene beads were spread 

on the soil surface to avoid dust contamination. The nitrogen (N) solution (33.3 mg kg-

1) was added every 2 weeks.  

2.3. Sampling and measurements  

Ten days following plant establishment, canola, wheat and chickpea seedlings 

were thinned to three seedlings per pot. At week three the plant species were watered 

with test solutions containing BTs (BTri and 5-MeBT) or just MQ-water (control). Pots 

were irrigated depending on the seedling demands to maintain water content at 10% 

w/w (see Table 5). 

After 6 weeks, plants were harvested by cutting shoots just above the soil 

surface. Soils were separated into rhizosphere and non-rhizosphere soil based on the 

manual-shaking methodology (Hammer and Keller, 2002). Non-rhizosphere soil was  
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collected as the loose soil around the plant base, whereas rhizosphere soil was 

designated as the soil closely attached to roots.  

Soil and plant samples were divided into two exclusive sections: fresh sections 

of plants were immediately stored in a freezer at -28 ◦C for BT extraction and analyses. 

BTri and 5-MeBT concentrations in the fresh soil and plant tissue samples were 

determined using LC-MS. The other plant and soil samples were oven dried at 60-70 ◦C 

(3-4 days) and 40 ◦C (1-2 days) respectively, in a forced-air cabinet for dry weighing 

(DW) and the pH of the dry samples were analysed. The soil pH was measured in a 

mixture 1:5 soil:solution (0.01 M CaCl2 prepared in MQ-water) using a pH meter. The 

solution was shaken at 180 rpm on an end-over-end shaker for 1 hour.  

2.4. Analytical methods 

To analyse BTs, 10 g of rhizophere or non-rhizophere soil was extracted using 

20 mL methanol (MeOH) (99% v/v) in line with a modified version of the methodology 

reported by Breedveld et al (2003). The suspension was stirred for 1 h before filtration 

using a 0.45-µm Supor® membrane syringe filter. The filtrate was then diluted 1:20 in 

MQ-water, and 2 mL of each sample was placed into a HPLC vial (Sigma-Aldrich; 

Sydney, Australia) and subsequently analysed by LC-MS (Waters Alliance e2695 HPLC 

system as described below). The recovery of the BTri and 5-MeBT extraction method 

was calculated at 68 % based on the peak height observed in triplicate for the stock 

solution samples (50 ug L-1) with and without soil.  

To determine BTs concentration in plant samples, fresh root and shoot plant 

tissues were ground in liquid nitrogen utilising a ball mill. The ground powder (0.5 g) 

was extracted with a 5-mL mixture of methanol and MQ-water (80:20) (Nelson et al., 

2009). Following this, deuterated benzotriazole-d4 (4d-BTri) was added as an internal 

standard at a concentration of 500 ng L-1, and the samples were stored for 24 h at 4 °C. 

The samples were then filtered using 0.45-µm Supor® Membrane syringe filter prior to 

analysis by LC-MS.  
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For the detection of BTs, soil and plant samples were analysed by LC-MS using a 

Waters Alliance e2695 HPLC system with a time of flight (TOF) mass spectrometer 

utilising Electrospray Ionization (ESI). Eluent was a mixture of 70:30 0.1% formic acid 

prepared in MQ-water and methanol (MeOH). The separation of BTs was achieved 

using a 2.1 mm×100 mm XBridge Phenyl column (Waters) with 3.5 µm particle size. 

The column temperature was 25 °C, and 50 µL of sample volume was injected into the 

HPLC with a flow rate of 0.3 mL min-1. This method provided a detection of 2 ng L-1 of 

each BTri and 5-MeBT. 

A LCT Premier XE time-of-flight (TOF) mass spectrometer (Waters) was used for 

BT measurement. The operating system of the spectrometer was Mass Lynx. The ESI 

probe operated in a positive-ion mode. A nitrogen gas generator (Parker Domnick 

Hunter from Waters, Sydney Australia) was used as a nebulising and drying gas. The 

temperature of desolvation was 350 °C. The temperature of the source was 80 °C, with 

a desolvation gas flow of 750 L h-1, and cone gas flow of 10 L h-1. The capillary voltage 

was 3 kV, and the sample voltage was 60 V. This analytical method is detailed in 

Chapter 3. 

2.5. Data calculations  

The percentage removal of BTs from soil was calculated based on Zhang et al 

(2012): 

BTs removal (%) = (1 - amount of BTs detected in soil)/total amount of BTs added to 

soil) × 100            (1) 

The effect on plant growth (%) was calculated as:  

[plant growth (height or weight) in the treatment / plant growth (height or weight) in 

the control] × 100)         (2) 

2.6. Statistical analyses 

The experiment was conducted in a complete randomized block design (RCBD) 

including: three BTs (BTri and 5-MeBT) treatments (zero, 50 mg L-1 and 100 mg L-1) × 2  
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Mn rate (zero and +Mn) × 3 plant species × 3 replicates and a control treatment 

(unplanted triplicate pots). Experimental data were statistically analysed using IBM® 

SPSS® version 21. For analysis of the variance two-way ANOVA (BT load x Mn supply) 

was used separately for each plant species (wheat, canola, chickpea) with significance 

of P≤0.05 for comparing the effects on (i) BTri and 5-MeBT uptake by plants or 

adsorption by soil; (ii) plant growth; and (iii) rhizosphere and non-rhizosphere soil pH. 

Tukey's Honest Significant Difference (HSD) Post-Hoc test was performed to determine 

the significance of the differences between the mean values. 

3. Results 

The cumulative amount of water (control or BTs solution added per pot) was 

different between plants (Figure 1 and 2). The amount of water added depended on 

the Mn concentration (-Mn and +Mn) and the BTs concentration (50 mg L-1 and 100 mg 

L-1) added.  

 

 

 

 

 

 

 

 

 

 

 Fig. 91.  The difference between plant species in water demand under treatments of without Mn addition and BTs 
concentration (50 and 100 mg L

-1
).    
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Fig.102. The difference between plant species (Ca is canola, Wh is wheat and ch is chickpea) in water demand under 
treatments of with Mn addition and BTs concentration (50 and 100 mg L

-1
).   

 

3.1. Effect of BTs and Mn on plant growth (height and weight)  

Shoot and root weights and plant height were recorded following the 6-week 

treatment period. The effect of BTs treatment on plant growth was significant 

(P≤0.01), whereas the effects of Mn (-Mn and +Mn) and interaction between Mn and 

BTs treatments (Mn x BTs) were non-significant. Hence, the BTs effect was averaged 

across the Mn treatment. However, shoot and root weights significantly decreased in 

treatments with moderate and high BT concentrations (50 and 100 mg L-1) across all 

species; chickpea died in the 100 mg L-1 treatment, producing no discernible growth 

(Table 2).  

The treatment effects on plant growth were calculated based on the amount of 

BTs detected in soil and the total amount of BTs added with irrigation water (Eq. 2). 

Averaged over the Mn treatment, heights (50 mg L-1 and 100 mg L-1 combined)  
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decreased by 47% (-Mn) and 46% (+Mn) in canola; 48% (-Mn) and 47% (+Mn) in wheat; 

and 64% (-Mn) and 63% (+Mn) in chickpea compared to the same-species controls. 

 

Table 182- Measurements of average plants height and dry weight influenced by the treatments. 

Treatment Canola Wheat Chickpea 

 

BTs   
(mg L

-1
) 

 Height Dry weight      
(g/pot) 

 Height Dry weight 
(g/pot) 

 Height Dry weight 
(g/pot) 

Mn (cm) Roots Shoot (cm) Root Shoot (cm) Root Shoot 

- 0  33 3 3.6  35 4.3 3.8  24 1.4 2.4 

- 50  19 1.9 2.2  21 2.5 2.4  15.7 0.9 1.7 

- 100  15 1.7    1.5  15 1.8 1.7  0* 0 0 

+ 0  33 3 3.6  34 4.3 3.7  24.7 1.5 2.4 

+ 50  20 1.9 2.2  20 2.4 2.3  16 0.9 1.8 

+ 100  16 1.7 1.6  16 1.7 1.7  0* 0 0 

*Note: Chickpea death was observed at BTs concentration of 100 mg L
-1

. 
*BTs: benzotriazoles concentration (50 and 100 mg L

-1
) in irrigation water. 

 

3.2. Effect of pH in rhizosphere and non-rhizosphere soil 

The overall interaction between BTs concentration and Mn treatments (BTs 

*Mn) did not show a significant effect on pH of the soils. There was a significant 

deviation in pH value between soils spiked and/or unspiked with Mn both on the 

rhizosphere and non-rhizosphere soils after six weeks of plant growth. The pH of non-

rhizosphere soil across all species was lower than the rhizosphere soils (Table 3). The 

Mn treatment significantly influenced the pH in both types of soil (P≤0.01).  
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Table3- pH value measured in rhizosphere and non-rhizosphere soils of canola, wheat and chickpea. 

Source  Soil  Canola wheat chickpea 

 Mn Types pH  
Mean 

Std. Err. pH  
Mean 

Std. Err. pH  
Mean 

Std. Err. 

control - R 8.2 0.03 8.3 0.03 8.1 0.04 

- NR 8.1 0.03 8.1 0.03 7.9 0.04 

 + R 7.8 0.03 7.9 0.03 7.7 0.04 

 + NR 7.7 0.03 7.8 0.03 7.6 0.04 

50 mg L
-1

 - R 8.2 0.03 8.2 0.03 7.9 0.04 

- NR 8 0.03 8.1 0.03 7.9 0.04 

 + R 7.8 0.03 7.9 0.03 7.6 0.04 

 + NR 7.7 0.03 7.7 0.03 7.5 0.04 

100 mg L
-1

 - R 8.1 0.03 8.2 0.03 8 0.04 

- NR 8.1 0.03 8 0.03 7.8 0.04 

 + R 7.8 0.03 7.8 0.03 7.7 0.04 

 + NR 7.6 0.03 7.7 0.03 7.5 0.04 

*Mn: (-) with and (-) without manganese addition.  
*50 mg L

-1
 and *100 mg L

-1 
BTs: benzotriazoles concentration in irrigation water. 

*soil types: R = rhizosphere soil, NR = non-rhizosphere soils. 
 

3.3. Removal of BTs in soil with and without Mn added 

The percentage removal of BTs was calculated based on the amount of BTs 

detected in soil after 3 weeks of the test solution addition (from the 3rd to the 6th week 

of plant growth) and the total amount of BTs added to soil (Equation 1). No significant 

difference was observed between the removal efficiencies of BTri and 5-MeBT at 

concentrations of 50 mg L-1 and 100 mg L-1 in unplanted pots (Figure 3); in these pots, 

only around 7% of added BTri and 5-MeBT was removed.  

The irrigated plant groups illustrated a general trend towards lower than total 

additional amount of BT concentration in both soils rhizosphere and non-rhizosphere 

soils. However, whether the BTs were added to 50 mg L-1 or 100 mg L-1 had a no 

significant effects on BT removal across all plants species. In contrast, BTs removal was  
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significantly affected by Mn availability for both rhizosphere and non-rhizosphere soils 

in canola and wheat, but not chickpea (Table 4). 

 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

The removal of BTs was substantially different between all plant species 

following three weeks of BTs irrigation. As shown in table 5, canola and wheat 

demonstrated differences in the removal of BTs between the rhizosphere and non-

rhizosphere regions at approximately 12% and 7%, respectively, whereas no difference 

between the rhizosphere and non-rhizosphere soil was detected in chickpea. BTs 

removal was significantly higher in soil with than without Mn added across all species 

in non-rhizosphere soils (76%, 68% and 63% in wheat, canola and chickpea, 

respectively). Increased availability of Mn (due to Mn addition), particularly in the non- 

 

Fig.113. The percentage removal efficiency of BTs at two tested concentrations (50 and 100 mg L
-1

) as 
detected in unplanted soil samples (control).  
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rhizosphere soils, increased removal of BTs in the wheat (4%) and canola (3%) 

treatments compared to the rhizosphere soils (Table 4).  

 

 
Table 194- treatment effects on BTs removal in rhizosphere and non- rhizosphere soils of canola, wheat and 

chickpea. 

 Canola Wheat Chickpea 

Source 
Rhizosphere Non-rhizospher Rhizosphere Non-rhizospher Rhizosphere Non-rhizospher 

-Mn +Mn -Mn +Mn -Mn +Mn -Mn +Mn -Mn +Mn -Mn +Mn 

BTs added 
(mg/pot) 

            

BTs (50 mg L
-1

) 96 108 96 108 64 82 64 82 34 56 34 56 

BTs (100 mg L
-1

) 112 121 112 121 87 110 87 110 51 81 51 81 

BTs detected 
(mg/pot) 

            

BTs (50 mg L
-1

) 47 49 35 36 28 33 23 21 14 22 13 21 

BTs (100 mg L
-1

) 55 56 41 39 38 44 31 27 21 32 20 31 

BTs removed (%)             

BTs (50 mg L
-1

) 51 54 63 67 56 60 64 75 59 60 62 62 

BTs (100 mg L
-1

) 51 54 63 68 57 60 64 76 60 60 61 63 

Significance 
(P<0.05) 

0.04 0.02 0.01 0.02 0.7 0.5 

*BTs detected: benzotriazoles amount (mg) detected in rhizosphere (R) and non-rhizosphere (NR). 
*BTs removed (%): percentage removal of benzotriazoles from the soils (R and NR).  
 

4. Discussion 

4.1. Mn and BT effect on plant growth 

BTs were detrimental to plants, stunting growth of all three species at the 50 

and 100 mg L-1 treatments. As explained by Castro et al. (2001), BTs may be reactive 

during the lignification of methoxylated aromatic alcohols required for shoot and root 

growth. Chickpea, displaying observable withering, leaf necrosis and eventually plant 

death, was more sensitive to BTs than wheat and canola. This correlates with previous 

findings that BTri and 5-MeBT are toxic to grass and sunflower species at the 

concentrations up to 100 mg L-1 (also tested in the present study) and even more toxic 

at 150 mg L-1 (Castro et al., 2001). 
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4.2. Effect of pH and soil organic content on BTs uptake 

The existence of additional organic compounds, as well as nutrient efficiency, 

would likely affect the phytoremediation process as it potentially interacts with plant 

rhizosphere biota and may influence ion uptake. Soil used in this study had a very low 

organic carbon content of <0.05% (see section 2.2.).  

Organic soil content could affect microbial activity in addition to affecting BT 

sorption and subsequently plant uptake and remediation. Carbon plays a notable role 

in sorption of BTs in soil (Breedveld et al., 2003). In this experiment, carbon content 

was low which is similar to previous study which demonstrated that environments 

with lower carbon content were more favourable to biodegradation of BT 

contaminants (Cheng et al., 2006).  

Removal of BTs was likely affected by differences in pH. In particular, higher pH 

was associated with increased reductions of BTs from the soil.  This is perhaps due to 

the role of pH in BT mobility and biodegradation. BTri and 5-MeBT sorption is largely 

affected by pH; however, the association is complex due to the dipole moment of BT 

and its hydrophobicity. Hydrophobic partitioning-attraction with soil organic matter 

(SOM) may promote BT sorption if combined with attractive electrostatic forces 

between BTs and mineral surfaces under favourable conditions (Hart et al., 2004; 

Jafvert, 1990). The dipole moments of BTs restrict hydrophobic partitioning at basic pH 

levels (Hart et al., 2004). Likewise, the pKa of BTs (8.2 – 8.5) indicates that BTs are non-

ionic at neutral or acidic pH levels and therefore likely to dissociate in basic conditions 

(Reemtsma et al., 2010). A study by Hart et al. (2004) demonstrated that the sorption 

of 5-MeBT was reduced up to 50% at pH 7.5 compared to pH 5.8, suggesting reduced 

hydrophobic sorption at higher pH. For this reason, minor alkalinity observed in this 

study would indicate that pH was unlikely to have induced sorption of BTs. In this 

study, the removal of BTs was higher in soil with Mn addition (pH between 7.5 and 7.8) 

than without Mn (pH between 8.1 and 8.3) added. For example, in wheat reductions of 

76% was seen in non-rhizosphere soil. 
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4.1. BTs removal and uptake 

In this study, BT compounds were removed by only ~7% in unplanted controls. 

This suggested that the reduction of BTs was likely occurred due to evaporation, 

chemical breakdown, biological degradation and sorption mechanisms in the soil alone 

played only a minor role. The removal of BTs was seen to increase in Mn-rich 

conditions (76%) within the non-rhizosphere soils comparing to in the same soil type 

without Mn addition (64%) in wheat samples. Castro and colleagues (2000) 

demonstrated that greater levels of BTri were removed at higher micronutrient 

application, including that of Mn. The authors believed that BT toxicity may be 

associated with metal uptake inhibition due to chelation of metals by BTs. It is known 

that soil solution Mn2+ provides plants with the most bioavailable Mn source.  

There was higher removal for BTs in the non-rhizosphere compared to the 

rhizosphere soil. This suggested that with more water availability in non-rhizosphere 

than the rhizosphere region of plants coupled with BTs polarity, BTs migrated toward 

the roots stimulating accumulation of BTs within the rhizosphere region of the soil. 

Likewise, the relative lower removal of BTs in the rhizosphere was due to BT 

hydrophobicity and accumulation in the rhizosphere region of plants where it would be 

subsequently removed (Zhang et al., 2012). Alternatively, the non-rhizosphere may 

have experienced a higher rate of degradation compared to the rhizosphere region. 

However, there is no plausible reason for this and the low removal seen in the control 

pots supports that significant degradation did not occur in the non-rhizosphere soil. 

BTs were not detected in plant tissues, the removal of BTs was likely to have 

occurred via transformation into plants tissues and/or itsdegradation. Consistent with 

the findings in this study, Castro and his colleagues (2001 and 2005) were unable to 

detect BTs in plant tissues. Given that BTri and 5-MeBT chemical structures are similar 

to natural structures found in plants (eg. Figure 4), BTs may be incorporated into the 

plant tissues. Hence, the absence of detection of BTs in plant tissues does not  
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necessarily mean the absence of BTs uptake by roots and transport into other plant 

tissues.  

 

 

 

 

 

 

 

 

The species of plant appeared to play an important role in the removal of BTs, 

with the three species tested here showing various removal efficiencies. This is 

highlighted by the significant removal of BTs in the non-rhizosphere region by wheat 

under Mn-efficient conditions compared to same-species Mn-deficient samples. 

Conversely, canola experienced less removal (~8%) than wheat. Chickpea was sensitive 

to BT toxicity at 100 mg L-1 (plants died), thus caution should be exercised in drawing 

conclusions from this result. This correlates with previous findings that 100-150 mg L-1 

BTs was a toxic dose to sunflower (Helianthus annuus) and grass (Festuca arundinacea 

K-31 cultivar) seedlings (Castro et al., 2001; Castro et al., 2005).  Furthermore, Wu et 

al. (1998) showed a soil with a dense root system exhibited more effective removal of 

BTs. Parallel with previous findings, in this study wheat samples showed the most 

expansive root growth which possibly enhanced BT removal. The average heights of 

the plants in the presence of BTs (50 mg L-1 and 100 mg L-1 combined) decreased on 

plant growth by 48% (-Mn) and 47% (+Mn) in wheat, 47% (-Mn) and 46% (+Mn) in 

canola, and 64% (-Mn) and 63% (+Mn) in chickpea compared to same-species controls, 

suggesting species-specific effects on BT uptake are likely to be partially dependent on 

the level of resistance to BT toxicity. 
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Fig.124. The similarities of benzotriazole and 5-methylbenzotriazole chemical structures to other compounds naturally 
existing in plant tissues, such as adenine, indole and conifer alcohol (Castro et al., 2001; Castro et al., 2005). 
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5. Conclusion 

In this study, we explored the effect of Mn-availability in soil and its alteration 

of BT removal from the rhizosphere and non-rhizosphere soil of canola, wheat and 

chickpea. Soil with Mn added in was observed to significantly improve BT removal, 

assumed to occur through plant uptake coupled with degradation and possible 

sorption mechanisms. Wheat demonstrated the best growth, lowest BT susceptibility 

and highest removal of BTs. Chickpea was sensitive to BTs (plants dies at 100 mg BTs L-

1). Collectively, this study illustrates that phytoremediation has a potential to attenuate 

contaminant levels, and that plant uptake and/or a compounds fate may be altered by 

differential bioavailability of Mn. These findings highlight that phytoremediation 

warrants further investigation.   
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CHAPTER 6:  

CONCLUSION 

In this thesis a suitable methodology to detect ultra-low ng L-1 concentrations 

of BTs was developed and thereafter successfully utilised to determine BT occurrence 

in surface water and waste water samples with high sensitivity. Household 

dishwashing detergents were explored as a possible environmental contaminant 

source, indicating that its collective impact may underpin BT occurrence in the 

environment. The fate of BTs was investigated in recycled water used for managed 

aquifer recharge (MAR) process, indicating that BTs biodegradation during aquifer 

passage is likely given sufficient aquifer residence times or travel distances between 

recycled water injection and groundwater extraction. Finally, a possible contaminant 

attenuation strategy using plant phytoremediation stimulated by Mn-variable 

availability conditions was trialed.   

A substantial review conducted on BTs, with a particular focus on BTri and 5-

MeBT, indicated the prevalence and longevity of these compounds in environments 

around the world. Furthermore, many studies pointed to the unknown effects of BTs 

as an alarming fact given the levels of contamination, as well as possible human 

uptake. A plethora of studies exploring the properties of BTs were collated, 

representing BTs as having low-volatility, but yet strong resistance to biodegradation 

and oxidative stress throughout environmental conditions. It was demonstrated that 

there is considerable knowledge regarding the occurrence of BTs and possible sources 

of contamination, however sufficient data surrounding the fate of these compounds in 

the environment as well as treatment processes are not available. Treatment 

strategies were explored, indicating that biodegradation and sorption alone may not 

be sufficient, and that chemical and physical strategies may be needed for their 

remediation. In line with a primary aims of this thesis, commonly utilised analytical 

techniques for detecting BTs were examined and considered for optimisation to 

enhance BT detection limits and overall sensitivity. LC-MS and GC-MS with SPE pre-
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concentration before analysis were the most widely applied methodologies. However, 

study results showed the need to develop and optimise an analytical methodology for 

detecting BTs at ultra-low concentrations (ng L-1).  

According to the literature, we developed the most sensitive LC-MS method for 

detecting BTs, down to a detection limit of 2 ng L-1. This was developed without using 

solid phase extraction (SPE), consequently reducing experimental costs and speeding 

up the analysis time. This was in large achieved through optimisation of instrument 

parameters and chromatographic conditions, allowing the use of lower sample 

volumes (5-10ml) to achieve more sensitive results. This method was then used to: (i) 

investigate BTri and 5-MeBT concentrations in a surface water environment, and (ii) 

assess the effectiveness of an advanced water recycling plant (AWRP) for the removal 

of BTs from wastewater. BTs were detected in samples collected from a small Lake in 

Perth, Western Australia. Higher BT readings were identified in stream samples, 

indicating surface water contamination from this source, although the source of BT 

entry into the stream was not discovered. In line with other studies, our occurrence 

findings established seasonal trends, with winter representing the highest BT 

contamination. We subsequently explored the removal efficiency of BTs from 

wastewater using in an AWRP, which indicated that BTri and 5-MeBT concentrations 

were reduced to <2 ng L-1, and <10 ng L-1. Therefore, suggesting that recycled water 

produced from the AWRP would be suitable for groundwater replenishment. 

Moreover, we evaluated household dishwashing detergents as a potential source of 

BTs in wastewater with 40% of the detergent samples analysed containing BTri, 5-

MeBT or both. Through brief extrapolation it was obvious that the collective 

accumulation of BTs from the use of dishwashing detergents was substantial.  

The fates of BTri and 5-MeBT were investigated under anaerobic conditions at 

ng L-1 concentrations in large-scale 220 day laboratory columns mimicking a managed 

aquifer recharge replenishment strategy in Western Australia. Compound sorption 

behaviors’ demonstrated high mobility of the compounds with retardation coefficients 

of 2.0 (BTri) and 2.2 (5-MeBT). First order degradation was observed under the 

anaerobic conditions after a biological lag-time of 30 to 60 days. Biodegradation half-
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lives of 29 ± 2 and 26 ± 1 days for BTri and 5-MeBT were observed respectively. There 

was no threshold effect to biodegradation observed at the 200 ng L-1.  The detection of 

degradation products provided further evidence of BTri and 5-MeBT biodegradation. 

These results suggested that if BTri and 5-MeBT were present in recycled water 

recharged to the Leederville aquifer, biodegradation during aquifer passage is likely 

given sufficient aquifer residence times or travel distances between recycled water 

injection and groundwater extraction.  

Phytoremediation of BTs using canola, wheat and chickpea was explored as a 

possible strategy for removing BTs under Mn-deficient and Mn-spiked conditions 

within rhizosphere and non-rhizosphere soils regions. Plants were potted and grown in 

Mn-spiked and Mn-deficient soils for a three-week establishment period, followed by 

three-weeks of irrigation with BT treatment solutions based on plants water demand. 

Mn availability increased the removal of BTs from both soils rhizosphere and non-

rhizosphere. Wheat was the most effective species in removing BTs from the 

rhizosphere soil, followed by Canola and then Chickpea. Canola and wheat experienced 

greater growth in terms of height and weight while chickpea evidently showed greater 

susceptibility to the toxic effects of BTs, especially at the 100 mg L-1 concentration, 

resulting in plant death. There was a significant effect of BTs concentration (50 and 100 

mg L-1) on all plant species growth, but the effect of Mn levels (+ and - Mn) was not 

significant.  

The LC-MS method optimised in this thesis highlights the need for advanced 

instruments such as ultra-performance liquid chromatography-mass spectrometry 

(UPLC-MS), two dimensional gas chromatography mass spectrometry (GC/GC-MS) 

and/or nuclear magnetic resonance (NMR) spectroscopy for detecting and 

understanding the behaviours of BTs in the environment. These techniques may be 

beneficial in probing other origins contributing to environmental contamination by 

BTs. Assessing the extensive range of BT biodegradation products may assist in further 

determining the degradation pathways and provide a framework for other 

remediation strategies. Moreover, investigations into the uptake, fate and toxicity of 

BTs in humans are crucial to understanding the extent of the problem. As indicated by 
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the presence of BTs in household detergents, sources such as these are in constant 

use, and may need to be better managed as a reduction strategy. Phytoremediation 

appears to be a plausible way of removing soil contaminants and therefore, it is 

recommended that further studies using additional plant species under environmental 

conditions are conducted. Additionally, studies conducted on different plant species 

for enhancing treatments such as deep root trees and fast growth plants may be 

required to explore the complete capacity of the phytoremediation process for 

removing environmental contaminants. Subsequently, studies examining the chemical 

transformation of BTs in plant tissues are required to determine the potential impact 

of the contaminants, the mechanisms underlying phytoremediation, and 

comprehensively understanding the fate of BTs within larger ecosystems.  

 

 
 




