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Abstract 16 

Denatonium benzoate (DB), a commonly used bitter agent in numerous products, has 17 

recently been recognized as a waterborne contaminant due to concern about its potential 18 

persistence, mobility and toxicity (PMT). However, its occurrence, levels and fate in 19 

global aquatic environments are largely unknown. In this study, a new sampling method, 20 

based on diffusive gradients in thin films (DGT) with mixed-mode cation exchange 21 

(MCX) as the binding agent, was developed for measuring DB in waters. MCX shows 22 

a rapid adsorption and high capacity for DB. DB is linearly accumulated by MCX-DGT. 23 

pH (6–8), ionic strength (0.01–0.5 M), or DOM (0–10 M) do not show any significant 24 

effect on the MCX-DGT performance, confirming its reliability. The DGT 25 

measurements in a wastewater treatment plant (WWTP) are comparable to those by 26 

paralleled grab sampling. The field results suggest DB is persistent in WWTPs and 27 

could be a potential domestic wastewater indicator. Therefore, MCX-DGT is a 28 

promising technique for understanding the environmental occurrence, levels and fate 29 

of DB. This is a first report of using DGT for DB monitoring and of DB occurrence in 30 

Chinese environments. Further exploration of DGT as a reliable passive monitoring 31 

tool for a wide range of PMT substances in different applications is warranted. 32 
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1. Introduction 37 

Denatonium benzoate (DB) is an ionized chemical containing a quaternary 38 

ammonium cation (denatonium) and a negatively charged benzoic acid (Fig. 1). It is a 39 

bitter taste receptor agonist (trade name Bitrex®, Toxishield®) (Klein-Schwartz, 1991). 40 

The recognition thresholds in humans are 10 µg•L-1 for a detectable taste, 50 µg•L-1 for 41 

a discernibly bitter taste, and 10 mg•L-1 for an unpleasantly bitter taste, respectively 42 

(Payne, 1988). Due to its intensely bitter flavour and seemingly non-toxicity, DB is 43 

approved for addition to numerous household products (e.g., liquid dish detergents, bath 44 

gel, and paints) to prevent children from accidental ingestion of the products (Cosmetic 45 

Ingredient Review Expert Panel, 2008). It is also applied as a repellent brushed on to 46 

tree bark or as a plant dip to deter deer and other mammals damaging deciduous and 47 

conifer trees in the European Union (EU) and Australia (IUPAC, 2021). In addition, DB 48 

is widely used as a denaturant for rubbing alcohol in toilet preparations at a 49 

concentration of 6 mg•L-1 in the United States (US), and 10 mg•L-1 in the EU, since 50 

1960 (European Commission, 2013; Klein-Schwartz, 1991). According to the latest 51 

report from the European Chemicals Agency (ECHA), the consumption of this aversive 52 

agent is estimated to be approximately 100–1000 tonnes per year in the EU (ECHA, 53 

2019). 54 

 55 

 56 

Fig. 1 Structure and physicochemical properties of denatonium benzoate. The log 57 

Kow and water solubility values are from Lewis et al. (2016). 58 
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 59 

DB is highly mobile in water due to its low octanol-water partition coefficient and 60 

high water solubility (Lewis et al., 2016). Furthermore, it is very stable in water at 61 

environmental pH range (4–9) as neither hydrolysis nor biodegradation has been 62 

observed (Consumer Product Safety Commission United States of America, 1992; 63 

Corby et al., 1993; ECHA, 2019). Hence, once released, it has a high tendency to be 64 

persistent in aquatic environments. Currently, data on the environmental occurrence and 65 

levels of DB are rather scarce. The environmental occurrence of DB was first reported 66 

in German waters by Lege et al (2017). DB was found in all the effluent samples of 22 67 

wastewater treatment plants (WWTPs) in the federal state of Baden-Württemberg, 68 

Germany, with a maximum concentration up to 341 ng‧L-1. Afterwards, it was also 69 

detected in the receiving river waters (Lege et al., 2019, 2017). WWTPs were 70 

considered the major source of DB in the natural environment (Lege et al., 2017).  71 

The consequences of the presence of this waterborne contaminant in aquatic 72 

environments are still largely unknown. There have been very little data on its 73 

bioaccumulation potential and chronic toxicity other than acute toxicity. Toxicology 74 

evidences have shown that DB is moderately toxic to mammals/birds (acute oral LD50: 75 

841/196 mg•kg-1) and less toxic to fish (acute 96 hour LC50: > 1000 mg•L-1) (European 76 

Food Safety Authority, 2012; Lewis et al., 2016). However, recently, DB has been 77 

viewed with increasing concern, with it suggested to be a potential persistent, mobile 78 

and toxic (PMT) chemical (Hale et al., 2020). Therefore, it is necessary to 79 

comprehensively understand the presence, fate and risks of this emerging 80 

micropollutant in aquatic environments. 81 

Environmental quality monitoring is a crucial step for evaluating the environmental 82 

presence, fate and risks of pollutants (Behmel et al., 2016). The traditional grab 83 



sampling approach is costly and time-consuming because large-volume water samples 84 

are collected and need to be concentrated (Lege et al., 2017). Furthermore, the approach 85 

of taking a snapshot at a certain sampling time misses important information such as 86 

concentration fluctuations due to peak events (e.g. floods, intensive runoff, punctual 87 

discharges, etc.), which is more useful for regulators (Mutzner et al., 2019). For 88 

example, if an industry illegally discharge wastewater in the evening, grab samples 89 

might fail to record the discharge events because sampling campaigns are usually 90 

carried out in the daytime. 91 

Due to avoidance of these drawbacks, passive sampling techniques have become 92 

increasingly popular in recent years (Salim and Gorecki, 2019). Among various passive 93 

samplers, Chemcatcher, polar organic chemical integrative sampler (POCIS), and 94 

diffusive gradients in thin-films (DGT) are the three most common samplers for 95 

monitoring polar organic contaminants (Alvarez et al., 2004; Chen et al., 2012; Moschet 96 

et al., 2015). However, a major challenge for POCIS and Chemcatcher is that their 97 

sampling rates vary significantly with actual hydrodynamic conditions, and the only 98 

solution, field calibration, is not always effective (Chen et al., 2020; Harman et al., 99 

2012). Compared to POCIS and Chemcatcher, the DGT technique has at least two 100 

advantages: (i) the sampling rates are affected only very moderately by hydrodynamic 101 

conditions due to the well-defined and much thicker diffusive layer (Chen et al., 2020), 102 

and (ii) no calibration is needed for field deployment (Challis et al., 2018). 103 

DGT was initially developed for measuring inorganic compounds (Davison and 104 

Zhang, 1994). In 2012, for the first time, this technique was extended to measure 105 

organics (Chen et al., 2012). Since then, the DGT has been successfully applied in 106 

measuring over 140 organic pollutants including antibiotics (Chen et al., 2012; Chen et 107 

al., 2013; Xie et al., 2018a), hormones (Chen et al., 2018; Xie et al., 2018b), bisphenols 108 



(Zheng et al., 2015), illicit drugs (Guo et al., 2017; Yin et al., 2019; Zhang et al., 2018; 109 

Zhang et al., 2017), personal care product ingredients (Chen et al., 2017), polar 110 

pesticides (Guibal et al., 2017). Whether and how DGT is feasible to measure DB in 111 

waters would be of great interests to fill in the large knowledge gaps on the occurrence 112 

of DB in the environment. 113 

Therefore, this work aims to i) develop and validate a DGT sampler for in situ 114 

measurement of DB in waters; ii) understand the occurrence and levels of DB in 115 

Chinese waters. The influences of pH, ion strength (IS), and dissolved organic matter 116 

(DOM) on the measurement of DB are evaluated. The developed passive sampler is 117 

further validated in a WWTP by comparing with the conventional grab sampling. The 118 

wide applications and implications of this sampler in future studies are also discussed. 119 

2. Method and Materials 120 

2.1 DGT principle 121 

A typical DGT device is mainly made up of three parts, i.e., binding layer, diffusive 122 

layer, and membrane filter. Labile fractions diffuse across the well-defined diffusive 123 

layer and they are rapidly and irreversibly adsorbed by the binding layer (Davison and 124 

Zhang, 1994; Zhang and Davison, 1995). Therefore, a diffusive gradient is well 125 

established within the diffusive layer, and the time-weighted average (TWA) 126 

concentrations (CDGT) can be obtained using the equation (1) derived by the Fick’s first 127 

law of diffusion (Menegario et al., 2017). 128 

 DGT
M gC
D A t

⋅∆
=

⋅ ⋅
 (1) 129 

where M is the measured masses of analytes accumulated on the binding gels, D is the 130 

diffusion coefficients of analytes in the diffusive layer, A is the exposure area of DGT, 131 

t is the measurement time, ∆g is the thickness of the diffusive layer. 132 



2.2 Chemicals and Reagents 133 

DB (>98% purity), sodium chloride (NaCl), hydrochloric acid (HCl), formic acid 134 

and ammonium hydroxide (≥25% in water) were purchased from Aladdin Reagent Inc. 135 

(China). Internal standard, denatonium benzoate-benzyl2,3,4,5,6-d5 (DB-d5, >98% 136 

purity), was provided from IsoReag Corp. (China). Methanol (HPLC grade) and 137 

acetonitrile (HPLC grade) were supplied by Merk (Germany). DGT gel cross-linker as 138 

well as the ABS DGT housing mouldings were obtained from Nanjing Version Environ. 139 

Tech. Co. Ltd (China). DOM (humic acid) were purchased from the International 140 

Humic Substance Society (http://www.ihss.gatech.edu). All sorbents used here were 141 

purchased from Green Union Science Instrument Co. Ltd (China). The sorbents were 142 

washed with MQ water (Elga, France) to remove salts and then conditioned with 143 

methanol followed by MQ water wash before use.  144 

2.3 DGT Gel Preparation 145 

Diffusive gels (0.08 cm thickness) were prepared with polyacrylamide (PA), and 146 

binding gels (0.05 cm thickness) were also made using PA with MCX. The procedures 147 

were the same as described by Zhang and Davison (1995). Briefly, PA gel solutions 148 

were made by mixing appropriate amounts of acrylamide (15%, v/v), DGT gel cross-149 

linker (0.3%, v/v) and MQ water. For diffusive gels, 70 µL of freshly prepared 150 

ammonium persulphate (10%, w/v) and 25 µL of N,N,N',N'-151 

tetramethylethylenediamine (TEMED) were added to 10 mL of gel solutions to induce 152 

polymerisation reaction. The well-mixed solutions were immediately pipetted into the 153 

casting assemblies. For binding gels, 2 g of sorbents on a wet weight basis, 80 µL of 154 

ammonium persulfate, and 20 µL of TEMED were sequentially added to 10 mL of PA 155 

gel solutions, mixed well and then cast between two preheated glass plates. All gels 156 

were left at 43 °C for about 90 min to completely set and then hydrated in MQ water 157 

http://www.ihss.gatech.edu)./


(changed several times until the pH around 7), finally stored in 0.01 M NaCl solution 158 

at 4 °C before use. 159 

2.4 Adsorption of Diffusive Gel and Membrane Filters 160 

In order to assess adsorption of DGT components, PA gels and 5 types of membrane 161 

filters including polyethenesulfone (PES, 0.45 µm), polytetrafluoroethylene (PTFE, 162 

0.45 µm and 0.22 µm), polyvinylidene difluoride (PVDF, 0.45 µm), hydrophilic 163 

polypropylene (GHP, 0.45 µm), and nylon (0.45 µm) were immersed in 10 mL of 100 164 

µg•L-1 DB solutions and then shaken for 21 h (25 °C), respectively. All materials were 165 

immersed in MQ water as blanks and the bulk solution alone as control. The 166 

concentrations in the bulk solutions before and after deployment were analysed using 167 

UPLC-MS/MS. 168 

2.5 Adsorption Kinetics, Elution Efficiencies, and Binding Capacity 169 

The adsorption properties of three kinds of binding gels including hydrophobic-170 

lipophilic balance (HLB-PA), mixed-mode cationic exchange (MCX-PA), and weak 171 

cationic exchange (WCX-PA) were investigated. These candidates have been widely 172 

applied in DGT (Amato et al., 2018; Challis et al., 2016; Chen et al. 2017, 2018; Zou 173 

et al., 2018; Zhang et al., 2018) and are expected, in principle, to be effective for 174 

adsorbing denatonium cations. Briefly, they were immersed in 10 mL of 100 µg•L-1 DB 175 

solutions containing 0.01 M NaCl and then shaken horizontally for different time 176 

lengths (0.08, 0.25, 0.5, 1, 2, 4, 8, 12, and 24 h), respectively. Each time, concentrations 177 

of DB in the exposure solutions were measured and adsorption percentages (%) of DB 178 

by the binding gels were calculated. After 24 h exposure, the tested binding gels were 179 

gathered for elution experiments further. 180 

The MCX-PA gels (selected after the test above) were transferred to clean 181 

polypropylene tubes for elution. Different eluents were applied to improve the elution 182 



efficiencies. The best elution procedure was as follows: the internal standard and 5 mL 183 

of methanol containing 2.5% ammonium hydroxide (v/v) were added into the tubes and 184 

then was extracted in an ultrasonic bath for 20 minutes. The extraction was repeated 185 

with 5 mL of acetonitrile. The extracts were combined, concentrated under gentle N2 to 186 

dryness, re-dissolved in 1 mL of initial phase and filtered through a 0.22 µm nylon 187 

syringe filter for analysis. 188 

The binding capacity of MCX-PA gels was measured by immersing the gels in a 189 

well-stirred solution with higher DB concentration (1 mg•L-1) for longer exposure times 190 

(24, 50, 72, 90, and 100 h). The masses of DB accumulated onto MCX-PA gels were 191 

measured by the initial concentrations in the exposure solutions and the remaining 192 

amount at different times. 193 

2.6 Diffusion Coefficient Measurement 194 

Diffusion coefficients (D) of DB was measured by deploying MCX-DGT devices in 195 

a solution of 100 µg•L-1 DB (0.01 M NaCl, temperature 25 ± 2 °C) for different time 196 

periods up to 100 h. The DGT devices were mounted on the DGT holder and immersed 197 

in the solution which was stirred by a magnetic stir bar. After deployment, the diffusive 198 

gel layer from each DGT device was taken off and treated as mentioned above. D is 199 

calculated using the following equation (Chen et al., 2012): 200 

 AC
gkD
⋅
∆⋅

=
s

 (2) 201 

Here, k is the slope of the linear plot of the measured masses versus time; ∆g is the 202 

total thickness of the diffusive gel and membrane filters, 0.088 cm; Cs is the 203 

concentration in the bulk solution; A is the exposure area of DGT device, 3.14 cm2. 204 

2.7 Effects of pH, IS, and DOM 205 

MCX-DGT devices were deployed in 1 L of 20 µg•L-1 DB solutions with different 206 



pH values (5.9, 7.2, and 8.2) for 24 h. The pH was adjusted using HCl or NaOH (1 M). 207 

The solutions at pH 5.9 were buffered with 0.5 mM sodium acetate and the solutions at 208 

pH 7.2 and 8.2 were buffered with 0.5 mM NaHCO3 (Xie et al., 2018a, 2018b). The 209 

effect of IS on the MCX-DGT performance was investigated by deploying the devices 210 

for 24 h in 1 L of 20 µg•L-1 DB solutions (pH 6.2) with NaCl at different concentrations 211 

(0.01, 0.1 and 0.5 M). Similarly, to investigate the effect of DOM, DGT devices were 212 

exposed for 24 h in 1L of bulk solutions containing 20 µg•L-1 DB with different 213 

concentrations of DOM (0, 5, and 10 M) at pH 6.5. During the deployment, all the bulk 214 

solutions were well-stirred and the solution temperature was controlled at 22 ± 0.5 °C. 215 

0.4 mL of test solution were sampled at the beginning, middle and end of the experiment 216 

to check for possible concentration changes. 217 

2.8 WWTP Application 218 

The field deployment was carried out in April 2021 in the influent and effluent of a 219 

WWTP, Southern China. The MCX-DGT devices were deployed in situ for a 4-day 220 

sampling campaign. The average water temperature was 26 ± 2 °C and the pH values 221 

ranged from 7.4 to 7.8 during the deployment. Triplicate devices were retrieved every 222 

day, rinsed with MQ water and then placed in clean plastic bags for transport. The 223 

binding gels were retrieved and treated in the laboratory, as mentioned above. 200 mL 224 

of water samples were also collected in triplicate at each sampling time from the 225 

influent. Detailed procedures of sample treatment are described in the Supplementary 226 

Data. 227 

2.8 Chemical Analysis and Quality Assurance/Quality Control (QA/QC) 228 

The instrument analysis was performed on an ultra-performance liquid 229 

chromatography (UPLC ACUITY, Waters, Milford, MA, USA) coupled to a triple 230 

quadrupole tandem mass spectrometer (Xevo TQS, Waters, Milford, MA, USA) 231 



equipped with an electrospray ionization interface (ESI) source. An ACUITY UPLC 232 

BEH C18 (2.1mm × 50mm, 1.7 µm) column was used. The mobile phases were (A) 233 

0.1% formic acid in MQ water and (B) methanol. The gradient procedure was optimized 234 

at: 0–0.5 min, 10% B, then increase to 100% B within 2.5 min, hold for 1 min, after 235 

that decrease to the initial condition (10% B) within 0.1 min. Finally, 0.9 min of post-236 

run ensured re-equilibration of the column before the next injection. The injection 237 

volume was 5 µL and the column temperature was set at 40 °C. DB was monitored by 238 

m/z 325.2>91.0 transition for quantification and m/z 325.2>86.1 transition for 239 

qualification. Other MS conditions are summarized in the Supplementary Data. 240 

The recovery for DB in water samples was 97 ± 4 % (n = 3). The instrumental 241 

detection limit (IDL) for DB was estimated to be 0.02 µg•L-1, based on the signal/noise 242 

ratio (S/N) = 3. Method detection limits (MDLs) were calculated from the IDL, the 243 

concentration factors and the absolute recovery for water and DGT samples. The MDL 244 

values were 0.3 ng•L-1 for DGT technology and 0.12 ng•L-1 for grab sampling, 245 

respectively. No DB was detected in any procedural blanks and field blanks. 246 

3. Results and Discussion 247 

3.1 Adsorption of PA Gel and Membrane Filters 248 

Suitable (little adsorption of target chemicals) filter membrane is important for 249 

protecting the DGT gel and for the accuracy DGT measurement (Chen et al., 2020). 250 

Five types of membrane filters (PES, PTFE, PVDF, GHP, and nylon) as well as PA gel 251 

were assessed for potential adsorption of DB. The results are shown in Fig. 2A. These 252 

materials exhibit differentiated adsorption capability with the order: PES ≈ PVDF ≈ 253 

PTFE (0.22 µm) > PTFE (0.45 µm) > nylon > GHP. DB is substantially adsorbed (>70%) 254 

by PES, PVDF, and PTFE (0.22 µm). Interestingly, for PTFE, the adsorption increases 255 

significantly with decreasing pore size, which is likely related to higher specific surface 256 



area of the 0.22 µm filter membrane (Shariful et al., 2017), suggesting that the 257 

importance of testing the potential filter membrane before use. No significant 258 

adsorption is observed for nylon and GHP (<10%). In this study, the nylon filter 259 

membrane is used because it is much more economical than the GHP membrane. The 260 

PA gel exhibits little adsorption of DB (<10%), is therefore used as the diffusive gel 261 

rather than the less strong agarose gel based on our previous experiences. 262 

 263 

 264 

Fig. 2 Plot A: Adsorption percentages (%) of membrane filters (nylon, GHP, PES, 265 

PVFD, and PTFE) and polyacrylamide (PA) gel, respectively; Plot B: Uptake kinetics 266 

of DB onto HLB-PA, MCX-PA, and WCX-PA gels over time in 10 mL of 100 µg•L-1 267 

DB solutions containing 0.01 mol•L-1 NaCl, respectively; Plot C: Elution recoveries 268 

of MCX-PA gel by using different eluents, MeOH: methanol, ACN: acetonitrile, AM: 269 

DC



ammonium hydroxide; and Plot D: accumulated masses of DB by MCX-PA gel for 270 

100 hours in 10 mL of 2 mg•L-1 DB solutions containing 0.01 mol•L-1 NaCl. Error 271 

bars: 1 SD (n = 3). 272 

 273 

3.2 Adsorption Kinetics of Binding Gel 274 

Theoretically, DB should be adsorbed well by cation exchange resins, while widely 275 

used HLB for SPE is expected to be suitable for trapping wide range of organic 276 

chemicals. Therefore, we compared these binding gels (HLB-PA, WCX-PA, and MCX-277 

PA). Fig. 2B shows that over 94% of DB in the solutions are adsorbed by HLB-PA, 278 

WCX-PA, or MCX-PA within 24 h, suggesting the excellent performance on the 279 

adsorption of DB for all three binding gels. The amounts of DB accumulated on these 280 

three binding gels increase sharply within the first two hours, reaching over 70% of the 281 

total amounts in the bulk solution, and then climb more slowly up to 12 h (Fig. 2B). 282 

After 12 h, >90% of the DB in the bulk solution are adsorbed and the MCX-PA gel 283 

exhibits the strongest adsorption capacity (99%). The uptake rates of DB over the first 284 

2 h are 111 ng•cm-2•h-1 for the HLB-PA gel, 129 ng•cm-2•h-1 for the MCX-PA gel, and 285 

134 ng•cm-2•h-1 for the WCX-PA gel, respectively. The uptake rate for the MCX-PA gel 286 

is much higher than that calculated from the MCX-DGT devices deployed in 10 mL of 287 

100 µg•L-1 DB solutions for 24 h (0.73 ng•cm-2•h-1). This indicates that DB could be 288 

adsorbed rapidly enough by the MCX binding gel once it diffuses across the diffusive 289 

gel and reaches the interface of the diffusive and binding gel. Thus, the concentrations 290 

at the interface are close to zero and there is a stable diffusive gradient during the 291 

deployment, which is in accordance with the DGT principle (Zou et al., 2018). 292 

Additionally, pH (6 and 10) has no significant effects on the adsorption of DB for all 293 

three binding gels (Fig. S1). Therefore, MCX-PA gel is selected as the binding layer in 294 



the following experiments. 295 

 296 

3.3 Elution Efficiencies of DB loaded on MCX-PA gel 297 

Fig. 2C shows the elution efficiencies of DB by using different eluents. The elution 298 

recovery is much higher by using acetonitrile (142%) than that by using methanol 299 

(41%). However, although acetonitrile has a stronger elution of DB, the matrixes would 300 

be simultaneously eluted. Thus, a combination elution of methanol and acetonitrile is 301 

more reasonable. In addition, ammonium hydroxide has a positive effect on the elution 302 

of DB. With increasing amounts of ammonium hydroxide in methanol, the elution 303 

recoveries elevate greatly from 41% to 73%. This can be explained by the fact that the 304 

reversible electrostatic interaction is disrupted by neutralizing the surface charges of 305 

sorbents with ammonium hydroxide and thus the analytes are released (Telepchak et al., 306 

2004). However, this phenomenon is not observed when the amounts of ammonium 307 

hydroxide in acetonitrile are increased, which is possibly due to the relatively low 308 

solubility of ammonium hydroxide in acetonitrile. In summary, double elutions with 309 

different solvents perform well (106 ± 4.5%, n = 3): First, 5 mL of methanol containing 310 

2.5% ammonium hydroxide (v/v) and then 5 mL of acetonitrile. 311 

 312 

3.4 Binding Capacity 313 

The binding capacity was investigated by exposing MCX-PA gel in a well-stirred 314 

solution with a high concentration of DB (1 mg•L-1) (Fig. 2D). The masses of DB 315 

accumulated on MCX-PA gel increase linearly with the exposure times, which seems 316 

to have not reached the equilibrium even after 100 h. The accumulated masses of DB 317 

are up to 41.5 µg/disk (at 100 h), showing sufficiently high capacity for DB in routine 318 

field applications in consideration of real environmental concentrations. Assuming the 319 



environment concentration is 100 µg•L-1, it can last for more than 3 months in theory 320 

though we do not recommend such long deployments due to fouling. 321 

 322 

3.5 Uptake kinetics and Diffusion Coefficient 323 

Diffusion coefficient (D) are key for measuring TWA concentrations and to calculate 324 

the sampling rate in order to compare with other samplers. Fig. 3 shows a good time 325 

dependence of masses accumulated by MCX-DGT (R2 = 0.96). The difference in uptake 326 

patterns of the MCX-PA gels (Figure 2B) and MCX-DGT (Figure 3) is due to limited 327 

diffusion controlled by the diffusive layer (PA gels), which confirms the principle of 328 

DGT for measuring DB. Thus, the D of DB is calculated to be 1.30 × 10-6 cm2/s at 25 °C 329 

according to equation (2). Our previous studies modelled the D values in agarose gels 330 

(Chen et al., 2013; Liu et al., 2020), which are used for comparison here. The measured 331 

D of DB in PA gel is lower by a factor of 3 than the estimated values (3.9×10-6–4.1×10-332 

6 cm2/s), which might be attributed to the smaller pore size of PA gel (> 5 nm) versus 333 

agarose gels (> 20 nm) (Zhang and Davison, 1999). 334 

 335 

 

 336 

Fig. 3 Time-series accumulation of DB by MCX-DGT devices exposed to 2 L of 337 



100 µg•L-1 DB solutions (0.01 M NaCl, temperature 25 ± 2 °C). The solid line 338 

indicates the regression line through the data. The determination coefficient (R2) is 339 

given. Error bars: 1 SD (n = 3). 340 

 341 

3.6 Effects of pH, IS and DOM 342 

Environmental factors might significantly influence the performance of DGT, 343 

particularly for ionizable chemicals. Solution pH regulates speciation of ionizable 344 

organic chemicals together with their pKa values, and thus may impact diffusion 345 

behavior of the chemicals in DGT. IS can reduce solubility of chemicals by the “salting-346 

out” effect (Togola and Budzinski, 2007; Xie et al., 1997) as well as electrostatic 347 

repulsion of diffusive gels by shielding the surface charges (Fontecha-Cámara et al., 348 

2007; Joseph et al., 2011). DOM can affect DGT uptake by competing with analytes 349 

for the adsorption of binding layer or altering the diffusion behaviour of analytes with 350 

complexation reaction (Davison et al., 2015; Guo et al., 2017). 351 

Effects of key environmental factors (IS, pH, and DOM) on the MCX-DGT 352 

measurement were investigated (Fig. 3) by comparing with the direct measurement of 353 

bulk solution (CDGT/CW). The CDGT/CW value increases slightly with increasing IS from 354 

0.01 to 0.5 M (Fig. 3A) whereas it decreases with increasing DOM concentrations (0-355 

10 M) (Fig. 3B). Increasing IS might enhance the adsorption of DB onto the MCX gels 356 

due to a possible salting-out effect but increasing DOM concentrations might lead to 357 

less free dissolved species available for the MCX-DGT by competition adsorption of 358 

DOM or increased competition for the sorption sites on the MCX gels. Nevertheless, 359 

the results of CDGT/CW are all within 0.8–1.2 at different IS (0.01–0.5 M) or DOM (0–360 

10 M), suggesting no significant effects of IS or DOM on the DGT measurements. In 361 

addition, the MCX-DGT measurements are pH-independent (Fig. 3C) because DB is 362 



always ionic at the investigated pH range (6–8) and the diffusion coefficient of DB do 363 

not change as well as the adsorption property of MCX-DGT. These results indicate that 364 

the MCX-DGT is a reliable tool for measuring DB at a wide range of IS, pH, and DOM 365 

in waters.  366 

 367 

    

Fig. 4 Effects of ionic strength (Plot A), DOM (Plot B), and pH (Plot C) on the 368 

ratios of DGT-measured concentrations to the measured concentrations in the bulk 369 

solutions (CDGT/CW). The solid horizontal lines represent the values at 1 and the 370 

dotted horizontal lines represent the values at 0.8 and 1.2. Error bars: 1 SD (n = 3). 371 

 372 

3.7 WWTP Application 373 

To validate the applicability of the MCX-DGT in the field environment, a 4-d 374 

deployment campaign in the influent and effluent of a WWTP from Southern China 375 

was conducted along with grab sampling in the influent. The results are showed in Fig. 376 

5. For the grab sampling, DB is detected with a frequency of 100% in the influent 377 

samples, and the measured concentrations range from 8.10 to 14.0 ng•L-1. The daily 378 

average concentrations of DB from day 0 to day 4 are 10.90 ± 0.34, 9.60 ± 0.23, 8.20 379 

± 0.06, 11.15 ± 0.12, 13.72 ± 0.10 ng•L-1 (Fig. 5D), respectively.  380 
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 382 

Fig. 5 Plot A and B: DB masses accumulated by MCX-DGT devices at different 383 

deployment times in influent and effluent of a WWTP from Southern China, 384 

respectively; Plot C: DGT-measured concentrations of DB in the influent and effluent 385 

of WWTP; Plot D: Comparison of measured concentrations of DB by grab sampling 386 

and DGT devices in the influent. The solid lines indicate the regression lines that are 387 

forced to pass through the origin (Plot A and B) and the average concentration of DB 388 

measured by DGT (Plot D). The asterisk in Plot C indicates the value lower than the 389 

MDL of DGT. The dashed lines in Plot D represent the lower and upper 95% confidence 390 

limits of the average concentrations measured by DGT, respectively. Error bars: 1 SD 391 

(n = 3). 392 

 393 

With regards to the DGT results, the accumulated masses of DB on DGT linearly 394 

A: Influent B: Effulent

C D



increase over time in the influent (R2 = 0.989) and effluent (R2 = 0.998) (Fig 5A and B). 395 

This demonstrates that the sampler is within the kinetic uptake regime and does not 396 

reach an adsorption saturation. In the influent, the DGT measurements on the first day 397 

are lower than the MDL due to the insufficient deployment time (22 h). In the following 398 

three days, the DGT-measured concentrations in the influent samples range from 8.8 to 399 

15.9 ng•L-1 (average value: 11.4 ± 2.5 ng•L-1; Fig 5C) and are comparable to those 400 

measured by grab sampling (Fig 5D). This confirms that the MCX-DGT is reliable for 401 

in situ measuring DB in waters. Interestingly, the DGT-measured concentrations in the 402 

effluent (160 – 371 ng•L-1, 228 ± 63 ng•L-1) are greatly higher than those in the influent 403 

(Fig 5C), suggesting that it could not be removed by adsorption and biodegradation in 404 

WWTPs. The much higher levels of DB in the effluent might be due to the possible 405 

effect of hydraulic residence time. The levels of DB in the WWTP effluent (median: 406 

221 ng•L-1) are also much higher than those measured in the downstream receiving 407 

river waters (ranges: 2.3 – 3.3 ng•L-1, median: 2.8 ng•L-1) but comparable to those 408 

reported in the WWTP effluents from Germany (medians: 156 ng•L-1) (Lege et al., 409 

2017). These results confirm the persistence and mobility of DB in WWTPs. In addition, 410 

considering its highly hydrophilicity, obvious sources and positive detection in all the 411 

grab and DGT samples, it might be a potential wastewater indictor, which is needed to 412 

be validated in more WWTPs in the future. 413 

There are some differences between grab sampling and DGT technique which should 414 

be noted. For example, potential adsorption of some co-existing substances such as 415 

suspended particulate matters (SPM) might result in less available fractions for DGT, 416 

whereas grab samples are often filtered through a glass-fiber filter to eliminate SPM 417 

before treatment. In addition, the TWA concentrations are measured by DGT while the 418 

random grab sampling approach lacks representativeness with missing or only 419 



recording a peak event unintentionally. Thus, it is necessary to investigate the short-420 

term dynamic change of DB (and other chemicals) concentrations in WWTPs (and in 421 

the surface waters) in the future, which is subject to our undergoing studies. 422 

4. Conclusions 423 

In the present work, for the first time, we develop a novel DGT passive sampler 424 

using MCX resin as the binding agent for in situ measuring DB in waters. The 425 

performances of the MCX-DGT device are systematically investigated in both 426 

laboratory and field conditions. Ionic strength, pH, and DOM have little effects on the 427 

DGT measurements, validating the reliability of this sampler. The field application in 428 

WWTPs shows that the MCX-DGT sampler provided comparable concentrations of 429 

DB as grab sampling. The positive detection of DB in all the grab and DGT samples 430 

reveals, for the first time, that DB is ubiquitous in Chinese waters which should be 431 

explored in the future. This is a feature of our ongoing work. The MCX-DGT is shown 432 

to be a promising tool for simultaneous deployment in a wide range of aquatic 433 

environments, including surface waters and also groundwater since DB is very mobile 434 

and leaches into groundwaters. The dynamic exchange of DB (or other similar 435 

chemicals) between surface water, aquifer (soil/sediment) and groundwater can be 436 

explored by using this in situ tool. Additionally, it should be noted that the MCX-DGT 437 

is not selective and specialized for DB (just like most other DGTs). Hence, future 438 

studies are warranted to combine the MCX-DGT (for cationic compounds) and other 439 

DGTs to capture a wide range of analytes of interest and identify them using non-target 440 

screening with high-resolution mass spectrometers. This will greatly enhance 441 

regulators' knowledge on emerging and increasing organic contaminants toward a 442 

comprehensive water quality management. 443 

 444 



Appendix A. Supplementary data 445 

Supplementary materials to this article can be found online. 446 
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