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A B S T R A C T   

Forms of organic contaminants is an important driver of bioavailable fraction and desorption kinetics of pol-
lutants binding to sediments. To determine fluxes and resupply of nine environmentally-relevant antipsychotic 
drugs, which are emerging pollutants that can have adverse effects on aquatic organisms, interface passive 
samplers of diffusive gradients in thin films (DGT) were deployed for 21 days, in situ at the sediment-water 
interface in submerged sandy riverbank sediments. At each deployment time, samples of sediment were 
collected and subjected to consecutive extraction of pore water, as well as rapidly-desorbing (labile), stable- 
desorbing, and bound residue fractions. Concentrations of antipsychotic drugs decreased with sediment depth 
with the greatest concentrations observed in the top 2 cm. Positive fluxes of antipsychotic drugs were observed 
from sediment to surface water. The dynamic fraction transfer model indicated that the labile fraction can be 
resupplied with a lag time (> 21 d). When results were further interpreted using the DGT-induced fluxes in soils 
and sediments (DIFS) model, partial resupply of antipsychotic drugs from sediment particles to porewater was 
demonstrated. Desorption occurred within the entirety of the observed 15 cm depth of sediment. Fastest rates of 
resupply were found for carbamazepine and lamotrigine. Size of the labile pool estimated by the DIFS model did 
not fully explain the observed resupply, while a first-order three-compartment kinetic model for the fast- 
desorbing fraction can be used to supplement DIFS predictions with estimations of labile pool size.   

1. Introduction 

In aquatic ecosystems, sediments can act as both sinks and sources of 
pollutants. Some micropollutants are transported in the water column 
adsorbed to organic particles, which will ultimately be deposited during 
periods of lesser flow to bottom sediments (Megahan, 1999). Some 
organic pollutants sequestered in sediments are not prone to rapid 
biodegradation and can be accumulated into benthic organisms (Zhao 
et al., 2009). 

Fates of organic compounds deposited in sediments depends on their 
net fluxes at the sediment− water interface. Fractions of organic com-
pounds desorbed from sediment to water are largely controlled by 

processes of exchange between aqueous and solid phases within sedi-
ment (Bondarenko and Gan, 2004). An advective flux can be induced 
when concentrations of compounds in the solution phase are depleted 
and a resupply to the solution phase occurs from the adsorbed fraction. 
This is based on the capacity of remobilization and the rate of desorption 
of chemicals from the solid phase. Generally, fluxes via molecular 
diffusion, is driven by the concentration gradient between sediment 
porewater and overlying bulk water through a diffusion-limiting 
boundary layer, which is formed at the sediment-water interface (Eek 
et al., 2010). The flux can be estimated by use of passive sampling ap-
proaches that can pre-concentrate trace chemicals through 
non-disruptive in situ sampling (Alvarez et al., 2004). 
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A recently developed diffusive gradient in thin-films (DGT) tech-
nique is able to measure freely dissolved compounds (Fernandez et al., 
2009) and has been used for invesigating organic contaminants in sed-
iments (Li et al., 2021; Mechelke et al., 2019). DGT can be used as a 
dynamic tool for measuring labile concentrations, which are fractions of 
chemicals that can be easily dissociated and resupplied to the porewater 
and its resupply capacity from the solid phase (Iuele et al., 2021). A 
numerical model, known as DGT-induced fluxes in soil and sediments 
(DIFS) which can be formulated in various dimensionalities 
(1D/2D/3D-DIFS) (Harper et al., 2000; Sochaczewski et al., 2007), was 
developed to simulate DGT adsorption and describe analyte resupply 
kinetics from solid phases. The DIFS model was first applied to quantify 
desorption kinetics and labile pools of pesticides in intact sediment cores 
in the laboratory-controlled conditions (Li et al. (2021). However, other 
influences, such as resuspension/desorption (Eek et al., 2010) and bio-
irrigation, by suction of overlaying water by benthic organisms through 
their burrows (Benoit et al., 2009) can affect the observed net fluxes. 

Because sediment can be a heterogeneous matrix, organic pollutants 
can exist in various fractions, which can influence kinetics of desorption. 
It has been reported that partitioning influences distributions of organic 
pollutants in sediments (Demars et al., 1995; He et al., 2016). Although 
most studies considered the distribution of pollutants between solid 
fractions and interstitial water within sediments, the binding mecha-
nisms and intensities established between particles and pollutants can be 
complex (Demars et al., 1995). Three fractions of organic pollutants in 
sediments have been widely recognized: (i) the fast− desorbing fraction 
is weakly and reversibly bound to sediments and can rapidly desorb into 
the interstitial water (Semple et al., 2004); (ii) the stable− desorbing 
fraction can be described as a reversibly bound but slow-desorbing 
fraction (Schwab and Brack, 2007); and (iii) the non− extractable 
phase, which is covalently bound to or sequestrated by organic matter in 
sediments (Schäffer et al., 2018) and has been defined as “bound resi-
dues” by the International Union of Pure and Applied Chemistry (Rob-
erts, 1984). 

When xenobiotics enter sediments, they can undergo transfer as well 
due to the wide range of structural units and functional groups present in 
organic macromolecules (Hayes and Swift, 1978). Therefore, organic 
pollutants can be stored as bound-residue form in sediments where they 
might not appear to be hazardous in the short term, but might be 
released when a sudden alternations of environment occur (Supple-
mentary Material Supplementary Fig. S1). This phenomenon has been 
defined as a ‘chemical time bomb’ (Stigliani, 1991). This fraction of 
organic pollutants can be a potential source for re-supply to the aqueous 
phase. However, to date, there are no in situ studies of kinetics of 
desorption in sediments, that have considered these three fractions. The 
current DIFS model only considers the single labile pool size that is 
based on initial sediment solution concentration (Menezes-Blackburn 
et al., 2019). However, resupply to the labile pool needs to consider rates 
of transfer between various binding forms and equilibrium of labile 
analytes reached by a kenetic model, which might provide additional 
information on kinetic processes in sediments and help describe the flux 
between sediment and water in aquatic systems. 

To address these uncertainties and resolve gaps in data, the objec-
tives of this study were to: (i) obtain time-resolved field measurements 
for nine selected antipsychotic pharmaceuticals; (ii) study the sorption 
phase for these compounds from water to sediments using DGT devices; 
(iii) investigate and model desorption rates from the fractions− transfer 
in sediments and compare measurements to values predicted by the DIFS 
model. 

2. Materials and methods 

2.1. Chemicals 

Nine high purity (> 98%) antipsychotic drugs, amitriptyline, 
bupropion, carbamazepine, citalopram, clozapine, duloxetine, 

fluoxetine, lamotrigine and venlafaxine, and the corresponding nine 
stable isotope-labeled internal standards, i.e., amitriptyline-d6, bupro-
pion-d9, carbamazepine-d10, citalopram-d6, clozapine-d4, duloxetine-d7, 
fluoxetine-d5, lamotrigine-[13C;15N4], and venlafaxine-d6, were used 
(Table S1 and Section S1). 

2.2. Assembly of DGT devices 

A standard size of polytetrafluoroethylene (PTFE) DGT device with 
0.75 mm Sepra™-ZT (surface modified styrene divinylbenzene, Phe-
nomenex, Torrance, CA) binding gels (~25 mg per gel), 0.75 mm 
agarose diffusive gels, and a 0.45 µm pore size polyethersulfone (PES) 
filter membrane (Sartorius Stedim Biotech GmbH, Gottingen, Germany) 
were prepared as previously described (Challis et al., 2016). A DGT 
sediment probe (length: 170 mm and width: 40 mm, (Supplementary 
Fig. S2) was constructed from acrylonitrile butadiene styrene (ABS) 
polymer and contained the same three layers as the standard DGT de-
vice, with different dimensions of binding gel (~250 mg per gel), 
diffusive gel, and PES membrane (length: 150.3 mm and width: 20.4 
mm). Results of adsorption tests with DGT moulding, agarose gel, PES 
membrane, and binding gel are provided in Section S2. 

2.3. Background of sampling site 

The deployment and sampling site (52◦19′10.8′′N 106◦27′34.3′′W; 
Clarkboro Ferry, South Saskatchewan River, Saskatoon; Supplementary 
Fig. S3a) was selected because it is ~20 km downstream of the City of 
Saskatoon’s wastewater treatment plant and in close proximity of the 
laboratory so that DGT devices and samples can be obtained and 
transported quickly. The nine selected antipsychotic drugs were found in 
water, sediments, and fish of this site during previous investigations 
(unpublished data). 

The sampling site is in the prairie physiographic region, which is 
characterized by rich soil, thick glacial drift, and extensive aquifer sys-
tems. To avoid fluxes of chemicals from groundwater and significant 
runoff from the surrounding land surface, the deployment site (Sup-
plementary Fig. S3b) was selected to be located in the riverbank (depth 
< 1 m) with a stable deposited layer on 1st September 2021 (the 
physicochemical properties of sediment are shown in Table S2). 

2.4. DGT field deployment and sediment sampling 

In the field, one DGT probe was attached in the bottom, and three 
DGT samplers were attached above the DGT probe, on perforated 
stainless steel profiles (thickness: 3.18 cm, width: 3.18 cm, length: 183 
cm). Three separate profiles with attached samplers were slowly inser-
ted into sediments, with 2 cm of the probe board exposed out of sedi-
ments (15 cm was put into the sediment), and were supported by three 
cement blocks (height: 19 cm, width: 27 cm) for protection (the setup is 
presented in Fig. 1). DGT devices were deployed and replaced after 1, 3, 
6, 9, 12, 15, and 21 d Meanwhile, three sediment cores adjacent to the 
DGT probes were sampled using a PVC sampling tube (length: 15 cm, 
diameter: 2 cm). One additional sample of sediment was taken by use of 
a small shovel for the determination of matrix effects on extraction and 
concentration recoveries. 

Once the DGT devices were retrieved, remaining sediment particles 
on probes and samplers were washed away using Milli-Q water, placed 
into sealed bags, and wrapped with aluminum foil. Sediment cores were 
stored in a cooler with ice bags. After installation of new DGT devices, 
retrieved DGT devices and sampled sediments were immediately 
transported to the laboratory (Toxicology center, University of Sas-
katchewan), where the binding gels were carefully removed and placed 
into amber glass vials. Wet sediment cores were immediately drained for 
2 h to determine maximum water holding capacity (Priha and Smo-
lander, 1999). Then, sediment cores were sliced into 2 cm-intervals, and 
each slice was centrifuged at 1280 × g for 40 min to obtain sediment 
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porewater that was filtered through a 0.20 µm membrane filter (13 mm 
diameter, Millex-GN Nylon membrane, hydrophilic, MilliporeSigma, 
Oakville, ON) and then concentrated by solid-phase extraction (Strata-X 
SPE cartridge, details in Section S3). The binding gel was removed by 
use of a round spatula from the standard DGT device. The binding gel of 
the DGT sediment probe was sliced at 2 cm intervals using a razor blade 
(pre-rinsed by methanol). All binding gels were transferred to 30-mL 
amber glass vials. 

2.5. Extraction 

2.5.1. DGT binding gel 
Fifty nanograms of internal standards were added to the binding gel. 

Five milliliters of methanol were added into the vial for ultrasonic 
extraction for 10 min, for a total of three times. Extracts were combined 
and concentrated to dryness with a gentle flow of nitrogen gas, recon-
stituted in 1 mL of methanol, and filtered through Target2™ 0.2 µm 

PTFE syringe filters (Thermo Scientific, Waltham, MA) into 2-mL LC 
vials. 

2.5.2. Sediment 
After collecting the porewater, sediments were transferred to a 

freezer (− 20 ◦C) for 24 h and lyophilized (Dura-Dry MP FD2085, Stone 
Ridge, NY). The triplicates of a 5-g aliquot of sediment at different 
sampling times were transferred to Lysing matrix E 50 mL tubes (Fisher 
Scientific) for sequential extraction (Fig. 2). The fast− desorbing frac-
tion, stable− desorbing fraction, and bound-residue fraction of antipsy-
chotic drugs (Log Kow = 0.99− 4.95, Table S1) were sequentially 
extracted using (1) methanol, (2) a mixture of methanol and dichloro-
methane (1:1, v:v) with ultrasound, and (3) alkaline hydrolysis at 80 ◦C, 
respectively. 

2.5.2.1. Fast-desorbing fraction. The fast-desorbing fraction is defined as 
a consecutive desorption with time, which can be represented by single- 
point extraction methods (Muijs and Jonker, 2011). A single-point 
extraction by methanol was used in this study, and extraction time 
was determined by a consecutive extraction using a first-order three--
compartment kinetic model (details shown in Section S4). In order to 
conduct consecutive extraction, 5 g of lyophilized sediment were 
extracted using 5 mL methanol in a shaker (1500 rpm, Heidolph™ Multi 
Reax Vortex Mixer, Fisher Scientific). Five milligrams of sodium azide 
was added for inhibition of microbial activity (Skipper et al., 1996). At 
the time interval of 0.2, 0.4, 0.6, 1, 3, 10, 24, 48, 96, and 250 h, the 
samples were centrifuged, and the methanol sampled and refreshed. The 
sampled methanol was passed through a 0.2 µm PTFE membrane filter 
after addition of internal standards and concentrated to 1 mL for 
instrumental analysis. 

2.5.2.2. Stable desorbing fraction. The stable desorbing fractions of 
antipsychotic drugs were extracted three times with 10 mL methanol: 
dichloromethane (1:1, v/v) with ultrasound (Fig. 2). After centrifuga-
tion, the combined extracts were passed through a 0.2 µm PTFE mem-
brane filter, followed by SPE concentration procedure (Section S3) 
before instrumental analysis. 

2.5.2.3. Bound-residue fraction. Alkaline hydrolysis has been widely 
used for the dissolution of organic matter, which in turn releases non- 
extractable organic pollutants, which are sequestrated or occluded 
with organic matter in soils and sediments. This method was adopted in 
the present study to extract the bound-residue fraction of antipsychotic 

Fig. 1. The three-dimensional simulation of the setup for fixation of DGT 
sediment probes and standard DGT samplers. The blue circular attachments are 
bluetooth-controlled temperature loggers. 

Fig. 2. Process diagram of the sequential extraction procedure to obtain rapidly-desorbing, stable desorbing, and bound residue fractions of lyophilized sediments 
after separation of porewater. 
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drugs in sediments. Residual sediments from previous ultrasonic ex-
tractions were added to 5 mL of 1 M NaOH solution and then heated at 
80 ◦C for 8 h. After cooling, the samples were lyophilized and extracted 
using the same procedure as the stable desorbing fraction. In order to 
test whether high temperature or hydrolysis would influence the ana-
lytes, the mixture of nine antipsychotic drugs was spiked in 10 mL of 1 M 
NaOH solutions to reach the concentration of 1, 10, and 100 µg L− 1, and 
heated at 80 ◦C for 8 h. After cooling, the solutions were processed 
following the previously described SPE procedure. 

2.6. Determination of agarose diffusion coefficient 

To determine efficiency for deriving diffusion coefficients (D) for the 
nine analytes, two major methods were compared: the diffusion cell 
method (Westrin et al., 1994) and the slice stacking method (Rusina 
et al., 2010). Both methods were conducted in an environmental 
chamber at a temperature of 25 ◦C. The diffusion coefficient of analytes 
in water (Dw) was further estimated by the Hayduk-Laudie equation 
(Hayduk and Laudie, 1974). 

The diffusion cell method is based on the analytes passing through a 
membrane from one water cell to another (Supplementary Fig. S4a). 
Each cell (made of clear acrylic) held ca. 50 mL and had a 2.3 cm2 cir-
cular connecting window. A diffusive gel was placed on the window (a 
spacer was made based on the gel thickness) between the two cells and 
gently sealed together with clamps. Each cell had a total volume of 40 
mL. To each cell, 20 mL of 10 mM NaCl was added, followed by a spike 
of the 9-analyte stock mixture (1000 µg L− 1) prepared in 5% methanol 
into the source cell at a target concentration of 500 µg L− 1. Meanwhile, 
20 mL of 5% methanol spike was added to the receiving cell. Both cells 
were stirred gently on stir-plates. Triplicate samples (200 µL) were taken 
from the receiving cell and source cell at ten different time points spread 
out over the experimental duration (5 to 140 min). Samples were 
pipetted directly into LC vials and before instrumental analysis. External 
standardization was applied for these experiments due to no extraction 
processes. 

The slice stacking method is based on analytes diffusing through 
several layers of gels (Supplementary Fig. S4b). Sixteen agarose gels 
were spiked by immersing them in 50 mL spiked at a concentration of 
500 µg L− 1 of the nine antipsychotic drugs for 24 h. Afterwards, 10 
spiked gels were removed and capped with 7 unspiked gels on a glass 
plate wrapped with aluminum foil. The remaining gels were taken as 
blank for measuring the initial analyte concentrations. The exposure 
time was selected as 60, 90, and 120 min. After exposure, the stacks 
were disassembled, and each gel was extracted with the same method of 
extraction used for binding gels (chapter 2.5.2.1). Calculation of D 
values for the both methods and different temperature are detailed in 
Section S5. 

2.7. Calculation of DGT-derived parameters 

Binding layers in DGT functions as a sink for compounds in the 
sediment porewater/water, where an induced flux from the sediment/ 
water passes through the diffusive layer and is bound in the binding 
layer. For sediments, the mangitude of this flux can be measured 
through interfacial concentration, which is determined by the desorp-
tion kinetics between the adsorption of solute induced by the DGT probe 
and the capability to resupply solute from the sediment solid phase to 
the probe interface. The time-averaged interfacial concentration of 
dissolved compounds at each deployment time (CDGT,i) can be calculated 
(Eq. (1)) (Zhang and Davison, 1995). 

CDGT,i =
Mi × δtotal

Dm,i × Ae × ti
(1)  

where Mi is the accumulated mass of analyte in the binding gel at 
deployment time i (ti), δtotal is the total thickness of the diffusive layer (it 

includes the 0.15 mm PES filter membrane and the 0.75 mm agarose 
diffusive gel), Dm,i is the mean temperature-adapted diffusion coefficient 
of each analyte at each deployment time i, and Ae is the effective 
exposure window of DGT devices (3.14 cm2 for standard device and 
30.66 cm2 for DGT probe). An index of the magnitude of depletion of 
sediment porewater concentration to the device interface, R, is the ratio 
between CDGT,i and the initial sediment porewater concentration (Cp,i) at 
each deployment time i (Eq. (2)). 

R =
CDGT,i

Cp,i
(2) 

In most common cases in the real aquatic ecosystem, the R value 
meets the partial case (0.1 < R < 0.95), in which some resupply from the 
solid phase but inadequate to maintain the initial Cp,i (Harper et al., 
1998). The calculation of diffusion between sediment and water is 
shown in Section S6. 

2.8. Numerical modeling of DGT deployments using DIFS 

The 2D/3D-DIFS model developed by Sochaczewski et al. (2007) 
simulates DGT-induced fluxes from soil or sediments in consideration of 
solute diffusion within two dimensions and incorporation of essential 
model calibrations. Although 2D-DIFS considers the domain as the 
partial cross-section along the axis perpendicular to the diffusive gel 
interface, of which the origin is situated at the center, the 2D model was 
shown to be a good approximation of the full 3D model (Sochaczewski 
et al., 2007). Therefore, in the study, results of which are presented here 
the 2D framework was employed. 

The parameters describing desorption kinetics of dissolved organic 
compounds between solid and solution phases were identical to other 
studies previously employed in soils or sediments (Chen et al., 2015; Li 
et al., 2021; Ren et al., 2020). The DIFS model describes the dynamics of 
dissolved analytes (Cp) and the labile fraction associated with the solid 
phase (Cl), along with the deployment time to fit first order exchange 
kinetics (Eq. (3)), 

Cp⟷
k1

k− 1
Cl (3)  

where the rate constants at which the two fractions’ magnitudes change 
are defined as the rate constants of adsorption (k1) and desorption (k-1), 
governed by the labile concentration of compounds and the particle 
concentration of sediment (Pc = m/V, where m is the total mass of solid 
particles and V is the sediment porewater volume) (Eq. (4) and 5). 

∂Cp

∂t = − k1 × Cp + (k− 1 ×Pc ×Cl) (4)  

∂Cl

∂t =
k1 × Cp

Pc
− (k− 1 ×Cl) (5) 

Rate constants and particle concentrations in the sediment could be 
used together to fit the linear sorption isotherm, Kdl, which defines the 
partitioning between solution phase and labile solid-phase that could 
exchange with the solution phase and represents the size of the labile 
pool in the solid phase. A response time to depletion and associated with 
desorption processes from solid phase to porewater (Kdl) can be equili-
brated, Tc, is calculated using Eqs. (6 and 7). 

Kdl =
Cl

Cp
=

1
Pc

×
k1

k− 1
(6)  

Tc =
1

k1 + k− 1
(7) 

When considering Cp was depleted to 0, Tc can reach 1 − (1/e), or 
63% of the equilibrium solution-solid partitioning value (Honeyman and 
Santschi, 1988). Labile concentrations (Cl) of antipsychotic drugs were 
determined by the method of fast-desorbing fraction (Chapter 2.5.2.1) at 
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the time at which the equilibrium of the first-order three-compartment 
kinetic model was reached. Concentration of antipsychotic drugs in 
sediment porewater (Cp) at each deployment time was described in 
Chapter 2.4. Calculation of the labile phase pool is shown in Section S7. 

2.9. Instrumental analysis 

Quantifications of nine analytes from all reconstituted samples in 
methanol was conducted using a Vanquish UHPLC and Q-Exactive™ HF 
Quadrupole-Orbitrap™ hybrid mass spectrometer (Thermo-Fisher, 
Mississauga, ON). Analytical details are presented in SM Section S5. 

2.10. Data analysis 

Statistical analyses were conducted in IBM SPSS Statistics 26. Data 
obtained from DGT devices and the consecutive extraction method were 
checked for normality and homogeneity of variance using Levene’s test. 
Since the data did not meet normality criteria and did not show ho-
mogeneous variances, non-parametric Kruskal− Wallis tests and Spear-
man’s correlation (significant at p < 0.05) were used for comparison and 
correlation among samples. The desorbing fraction transfer was calcu-
lated using MATLAB R2019b. 

3. Results and discussions 

3.1. DGT performance 

The nine target antisphycotic compounds were tested for adsorption 
to DGT materials, adsorption capability of the binding gel, and the 
maximum exposure time for DGT sampling. Steady-state sorption con-
centrations of the nine antipsychotics were quickly reached (< 0.5 h) for 
DGT molding and diffusive gel. Concentrations remained consistent for 
168 h with a negligible fraction (< 0.01% total mass of the standard 
solution) adsorbed to DGT moldings (both PTFE and ABS) and diffusive 
gels. Concentrations of all compounds on the PES filter membrane 
increased within an hour and reached steady state sorption within 2 h. 
Proportions of analytes sorbed were negligible (< 1% of the total mass of 
the standard solution) for all durations. 

Adsorption of the nine analytes to Sepra™-ZT binding gel was rapid, 
within four hours, and became slower as it reached steady-state and the 
available surface binding sites became saturated (Supplementary 
Fig. S6). To quantify adsorption capacity of a SepraTM-ZT binding gel for 
the analytes from a given solution, amounts of each analyte adsorbed by 
SepraTM-ZT binding gel vs. the original concentration of each analyte in 
the solution were plotted (Supplementary Fig. S7). An increasing trend 
of the adsorbed amount with solute concentration was observed for all 
nine compounds, ranging from 200 to 2000 µg L− 1 without a significant 

deviation from linearity. At a solute concentration of 5000 µg L− 1, the 
amounts adsorbed were not significantly different from that at 2000 µg 
L− 1, which indicated that binding sites of the Sepra™-ZT adsorbents 
were saturated. 

In order to guarantee the DGT device does not approach equilibrium 
and to estimate the maximum permissible exposure time for compre-
hensive sampling, the sorption isotherm of analytes between the 
measured concentration sorbed by Sepra™-ZT (Csorbed) and that in 
water (Cw) can be described by the distribution constant, which can be 
calculated by fitting the measured concentrations to the linear sorption 
model (Csorbed = KSepra− ZT⋅Cw). The correlation coefficients in the linear 
sorption model are good for most compounds (Table 1), whereas the 
compounds with lesser correlation coefficients (r2) require more com-
plex sorption models (i.e., Freundlich and Langmuir) to better predict 
the measured data (Bäuerlein et al., 2012). Belles et al. (2017) recom-
mended that it is appropriate to use an adapted linear model to evaluate 
the sampler’s equilibrium. For comprehensive sampling, the DGT de-
vices should be far from the equilibrium at all sampling times and hence 
the ratio Csorbed/Cw should be less than the KSepra-ZT values, which can be 
combined with Eq. (1) and shown as: 

tmax− measured≪tmax− estimated =
KSepra− ZTδtotal

D⋅A
(8)  

where tmax-measured and tmax-estimated is measured and estimated 
maximum exposure time to achieve KSepra-ZT respectively. Our results 
showed the exposure time for each compound was more than 100 times 
less than the threshold, which indicates the device remained far from 
equilibrium conditions at all times. 

3.2. Diffusion coefficient 

Diffusion coefficients at 25 ◦C of the nine antipsychotic drugs 
determined using the diffusion cell method and the slice stacking 
method are shown (Table 1). Dcell and Dstack values were not signifi-
cantly different (p > 0.05) for any of the compounds through compari-
son of triplicate measurements. For the diffusion cell method, the 
variables from Eq. (S7) were linearly correlated (r2 = 0.988− 0.998) 
with experimental time (Supplementary Fig. S8). Mean Dcell values for 
the studied antipsychotic drugs ranged from 3.63 to 7.20 × 10− 6 cm2 

s− 1, while Dstack values ranged from 4.34 to 5.44 × 10− 6 cm2 s− 1. No 
statistically significant correlations between D and molecular mass of 
compounds were observed, which might have resulted from the narrow 
molecular mass range of these compounds (236.27− 326.80 Da). This 
result is consistent with those of previous studies (Urík et al., 2020) for 
perfluoroalkyl compounds, pharmaceuticals and personal care products 
with a range of molecular masses of 151 to 377 Da and for 

Table 1 
Agarose gel diffusion coefficient (D) determined by the diffusion cell method (Dcell) and the slice stacking method (Dstack) along with associated standard deviation 
(SD), and estimated diffusion coefficient in water (Dw). Sepra™-ZT-water distribution coefficient (KSepra-ZT), with correlation coefficient (R2) of the linear sorption 
isotherm in brackets; measured maximum exposure time to achieve equilibrium of the binding gel (tmax); and estimated maximum exposure time to achieve KSepra-ZT 
for DGT sampler (t’max).  

Compounds Dcell SD Dstack SD Dwa Log KSepra-ZT tmax-measured tmax-estimated  

10− 6 m2 s− 1 L kg− 1 h d 
Carbamazepine 5.82 0.79 4.55 0.70 4.46 2.89 (0.83) 1.7 37 
Bupropion 4.74 0.69 5.12 0.63 5.19 2.90 (0.74) 4 47 
Lamotrigine 5.29 0.65 5.44 0.80 5.41 2.91 (0.92) 1.5 42 
Amitriptyline 6.45 0.97 NA – 4.46 2.89 (0.79) 4 33 
Venlafaxine 3.63 0.47 NA – 4.56 2.89 (0.95) 4 59 
Duloxetine 3.80 0.39 NA – 4.54 2.89 (0.61) 4 57 
Fluoxetine 4.68 0.72 4.64 6.20 4.67 2.88 (0.67) 4 44 
Citalopram 4.20 0.51 4.34 5.50 4.31 2.89 (0.76) 10 30 
Clozapine 5.07 0.65 4.41 4.80 4.39 2.88 (0.84) 4 42 

NA: We were unable to measure the D value using the slice stacking method. 
a D values were estimated by the model established by Hayduk and Laudie (1974): Dw = (13.26 × 10− 9)/(η1.4Vm

0.589) where η (cP) is viscosity of water and V (cm3 

mol− 1) is the molar volume of the diffusing analyte at its normal boiling point, which is estimated by the Le Bas increment method (Le Bas, 1915). 
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polychlorinated biphenyls and polycyclic aromatic hydrocarbons with 
molecular masses in the range of 128.2 to 429.8 Da) (Rusina et al., 
2010). The Dcell for carbamazepine (5.54 × 10− 6 cm2 s− 1), fluoxetine 
(4.72 × 10− 6 cm2 s− 1), and bupropion (4.48 × 10− 6 cm2 s− 1) determined 
during this study were similar to previously reported values in 1.5% 
agarose hydrogel, with D values of 5.01 × 10− 6, 4.38 × 10− 6, 5.21 ×
10− 6 cm2 s− 1 for carbamazepine, fluoxetine, and bupropion, respec-
tively (Challis et al., 2016; Fang et al., 2019). The Dstack for carbamaz-
epine (4.55 × 10− 6 cm2 s− 1) was comparably less than the value (5.33 ×
10− 6 cm2 s− 1) reported by Urík et al. (2020). Three compounds, e.g., 
venlafaxine, duloxetine, and amitriptyline (Log Kow =3.28, 4.68, and 
4.95, respectively), failed to measure by the slice stacking method. 

Despite different experimental design of two methods, D value 
derived from the diffusion cell method is simply depended on loga-
rithmic linearization. However, the slice stacking method requires 
extraction and concentration procedures, causing more uncertainty on 
the analytical processes. The relative error values in our study for both 
methods were derived from the model regression fitting to the data. The 
previous example for estimating the rising uncertainty of D value for 
copper in DGT sampler was negligible for these factors (e.g., pH and 
ionic strength) in comparison to the estimated diffusion area and 
analytical processes. Nevertheless, since slight differences between the 
two methods, the D values measured using the diffusion cell method was 
used for calculation DGT-derived concentrations in this study. 

3.3. DGT fluxes of antipsychotic drugs in sediment 

When concentrations of antipsychotic drugs were averaged by day in 
water and sediment a declining trend of concentrations in the water 
column (8-2 cm) and a similar decreasing trend in vertical scale of 
sediment porewater was observed, except for lamotrigine and bupro-
pion, with the greatest concentrations at a depth of − 2 to − 4 cm (Fig. 3. 
This result is consistent with previous observations that increasing dis-
solved concentrations of organic compounds were found in closer 
proximity to the sediment (Fernandez et al., 2012; Grimalt et al., 2001). 
However, for most compounds, except for lamotrigine and bupropion, 
concentrations in sediment porewater generally remained unchanged (p 
> 0.05) at depths below − 2 cm. Concentrations between water and 
porewater remained within the same order of magnitude for lamo-
trigine, bupropion, and carbamazepine, while concentrations of other 
compounds in sediment porewater were approximately 10-fold less than 
those in the water column. The greatest concentration at 8 cm in water 
was for carbamazepine (15.73 ± 2.14 µg L− 1), which was greater than at 
6 cm (9.58 ± 1.30 µg L− 1) and 2 cm (0.54 ± 0.08 µg L− 1). The greatest 
mean concentrations among water matrix samples were observed for 
carbamazepine (8.61 µg L− 1), followed by duloxetine, amitriptyline, and 
citalopram (4.30− 8.16 µg L− 1). Venlafaxine was observed at signifi-
cantly lesser mean concentrations in both water (0.077 µg L− 1) and 
sediment (0.009 µg L− 1). 

Because DGT devices are time-weighted, temporal variability of 
water concentrations diffusing laterally could not be measured. There-
fore, constant concentrations close to the water-sediment interface were 
assumed for calculating diffusive fluxes. Nevertheless, fluxes were 
normalized per day, which showed net positive fluxes towards water 
from sediment (Fig. 3). Overall lesser fluxes (0.0012− 0.089 ng cm− 2 

d− 1) were observed for lamotrigine, bupropion, venlafaxine, and 
duloxetine, while citalopram (0.10 ng cm− 2 d− 1) and fluoxetine (0.14 ng 
cm− 2 d− 1) had similar fluxes. The greatest flux was found for carba-
mazepine, indicating that sediment-borne carbamazepine has potential 
resupply ability to porewater and is prone to partition back to water at 
the water-sediment interface. 

3.4. Three adsorbing fractions of antipsychotic drugs 

3.4.1. Fast-desorbing fraction 
The plot of St/S0 versus extraction time for desorption of 

antipsychotic drugs in sediments sampled at day 1 and day 21 during the 
DGT deployment period is shown in Fig. 4, where the solid line derived 
from exponential curve fitting by Eq. (S1) in Section S4. The kinetic 
parameters obtained from Eq. (S1) are shown in Table S5. Desorption of 
antipsychotic compounds decreased with increasing the deployment 
time. Mean desorptions of all compounds in sediment were approxi-
mately 21 ± 2.3% for day 1 and 10 ± 1.2% for day 21. The Fr values 
decreased from 0.249 to 0.184 for amitriptyline, 0.403 to 0.331 for 
bupropion, 0.409 to 0.355 for carbamazepine, 0.261 to 0.127 for cit-
alopram, 0.298 to 0.236 for clozapine, 0.198 to 0.147 for duloxetine, 
0.320 to 0.275 for fluoxetine, 0.411 to 0.329 for lamotrigine, and 0.120 
to 0.098 for venlafaxine, which indicated that the labile fraction of these 
compounds decreased in sediments. 

Constants krapid and kslow ranged from 10− 1 to 10− 2 h− 1 and ksv 
ranged from 10− 5 to 10− 6 h− 1 (Table S6), which is comparable to the 
magnitude of these parameters from previous labile fraction kinetic 
studies (Cheng et al., 2019; Trimble et al., 2008; You et al., 2007). The 
greatest krapid values both at day 1 and day 21 were found for carba-
mazepine (0.517 and 0.367 h− 1) and lamotrigine (0.531 to 0.383 h− 1), 
while the least values (0.032 and 0.016 h− 1) were found for venlafaxine. 
This result suggests that carbamazepine and lamotrigine could be 
resupplied from other fractions in sediments while venlafaxine was 
prone to remain in sediment particles, which might be associated with 
the ionic interactions of these compounds (e.g., lamotrigine and carba-
mazepine) (Navon et al., 2011; Zhang et al., 2010) and the potential pool 
size of compound in sediment. Despite Fr values of all compounds being 
stable within 24 h extraction period, variations in nonlinear sorption 
might influence the magnitude (ten Hulscher et al., 1999). The ratios of 
F24h to Fr in sediments at day 1 and day 21 showed that the ratio ranged 
from 77% to 93% (Table S6). This suggests that a single extraction by 
methanol for 24 h is sufficient to represent the rapidly-desorbing frac-
tion of these drugs. These findings are similar to previous results that 
equilibrium of Fr could be reached in a short time (<10 h) during lab-
oratory simulation with a positive linear regression between Fr and F10h 
(Cheng et al., 2019). 

3.4.2. Stable desorbing fraction 
The trend of the concentration in sediments extracted following that 

of the rapidly-desorbing fraction at each deployment time showed that a 
slight decreasing concentrations with deployment time were observed 
for most compounds, whereas duloxetine showed a slightly declining 
concentration at day 21 (Supplementary Fig. S9 and Table S7). The 
most significant extent of concentration increase was found for bupro-
pion from 2.21 to 6.32 µg kg− 1 and for fluoxetine from 0.73 to 1.43 µg 
kg− 1. This result indicates the relative stable state for fraction transfer 
from stable-desorbing fraction. 

3.4.3. Bound residue fraction 
Despite the hydrolysis method effectively releasing the bound- 

residue fraction of organic compounds from sediments (Northcott and 
Jones, 2000), the uncertainty remains whether the hydrolysis processes 
or high temperature would influence the analytes and lead to inaccurate 
quantification. For the accuracy and reliability of analysis results, a 
single standard solution of each nine antipsychotic drugs was spiked in 
10 mL of 1 M NaOH solution at the target concentrations of 10, 100 or 
1000 µg L− 1, at 80 ◦C for 24 h to test whether the degradation occurred 
among nine antipsychotic drugs. Poor recoveries (< 30%) were 
observed for bupropion and duloxetine while recoveries for other 
compounds were greater than 80% at all three concentrations. This is 
consistent with previous observations that bupropion and duloxetine are 
not resistant to alkaline hydrolysis (Abbas et al., 2012; Rao et al., 2010). 
Therefore, bupropion and duloxetine are not included in bound-residue 
fraction discussion. In comparison to concentration of stable-desorbing 
fraction, except for citalopram, clozapine, and fluoxetine having no 
significant changes (p > 0.05), the concentrations of other compounds 
showed apparent increases (Table S8). Generally, bound-residue 
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Fig. 3. The plot of profiles of water column and sediment porewater average concentrations of nine antipsychotic drugs measured by DGT devices. The error bars 
were generated by these data obtained from three DGT devices. The numbers in black were calculated flux (ng cm− 2 day− 1) from sediment porewater to the water 
environment. Blue color background represents the water column matrix and light brown color background represents the sediment column matrix. The y-axis is the 
depth according to DGT field deployment and the x-axis scale is varied based on the better resolution of vertical distribution for each compound. 

X. Ji et al.                                                                                                                                                                                                                                        



Water Research 217 (2022) 118455

8

concentrations of antipsychotic drugs were increasing with sampling 
time. 

3.5. Transfer of antipsychotic drugs in sediment 

During 21 sampling days, the total measured portions of antipsy-
chotic drugs, not considering bupropion and duloxetine, changed from 
20% to 70% (Table S9), where total concentration was increased from 
1.37 to 4.00 µg kg− 1 for amitriptyline, 0.46 to 1.28 µg kg− 1 for carba-
mazepine, 0.02 to 0.06 µg kg− 1 for citalopram, 1.60 to 1.99 µg kg− 1 for 
fluoxetine, 1.61 to 6.11 µg kg− 1 for lamotrigine, and 2.13 to 5.51 µg kg− 1 

for venlafaxine, whereas an approximately 50% decrease was observed 
in clozapine, from 1.83 to 0.94 µg kg− 1. This suggests a continuous 
resupply of most selected compounds over time in the real environment 
while clozapine might experience a poor source pool and different 
mechanisms of degradation. Microbial degradation has been observed 
for several antipsychotic drugs (carbamazepine, oxazepam, and co-
deine) followed a lag period of about 1 day under laboratory simulation 
(Stein et al. (2008). Therefore, we could not interpret whether degra-
dation was due to biological processes or photodegradation in real 
matrices. However, our results demonstrated the certain levels of anti-
psychotic drugs persist in surface sediments. 

The labile, stable-adsorbing and bound-residue fractions of 

antipsychotic in sediments is presented in Fig. 5, calculated as the% of 
the total concentrations of three fractions. This can reflect the resupply 
ability of compounds to labile fraction. The percentage of labile fraction 
of antipsychotic drugs all declined with the sampling time, suggesting 
that the potential bioavailability of these drugs declined. This decline 
only reflected the static-state distribution of these compounds in sedi-
ments. However, while bound-residue or stable-desorbing fraction 
increased, indicating a risk for fraction transfer to further influence the 
desorption rate of compounds from sediments to aqueous phase. The 
relatively slow declines were observed within 6 days, which might be 
inferred that some competition in sorption sites for different compounds 
and these compounds might be easier to diffuse to sediment porewater 
rather than sorption sites. With increasing of sampling time, the gradual 
decrease of labile fraction could be caused by organic sequestration, clay 
sorption, and diffusion to sediment micropores. The stable-adsorbing 
fraction of antipsychotic drugs showed decreases over time for 
amitriptyline (8% to 5%), carbamazepine (29% to 15%), lamotrigine 
(27% to 14%), and venlafaxine (46% to 19%); increases for citalopram 
(43% to 50%), clozapine (17% to 50%), and fluoxetine (48% to 72%). 
This difference for different compounds might due to the intensity of 
binding forces or sequestration through the transfer from stable- 
desorbing fraction to bound-reside fraction. 

The bound-residue fraction of antipsychotic drugs from 1 to 21 

Fig. 4. Desorption kinetics of nine antipsychotic drugs fitted by consecutive methanol extraction. St/S0 was the compound depletion in the sediment at each 
extraction time (h). Day 1 and Day 21 represent the sediment sampling day in the field during DGT deployment. 
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d ranged from 61% to 81% for amitriptyline, 39% to 71% for carba-
mazepine, 33% to 37% for citalopram, 42% to 65% for lamotrigine, 41% 
to 75% for venlafaxine, 62% to 39% for clozapine, and 26% to 16% for 
fluoxetine. Despite the bound-residue fraction is generally accompanied 

by the other two fractions, increasing bound-residue fraction here for 
majority of compounds was not directly to the increase of labile fraction, 
especially for 1 to 6 d This observation is based on the solid sediment 
capacity of solutes (Cornelissen et al., 1997; Weber and Huang, 1996), 

Fig. 5. Rapidly-desorbing (labile), stable desorbing, and bound residue fractions of antipsychotic drugs in sediments from different sampling day during 
DGT deployment. 
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which is, the fraction for some compounds, clozapine and fluoxetine, 
could not firmly adsorb onto sediment particle surface, and the occur-
rence of channels and nanopores for sandy texture led to slow diffusion 
into internal sediment matrix where organic compounds could be 

eventually retained. Generally, results reported here indicate that 
bound-residue fraction of antipsychotic drugs can be an important 
resupply source for transfer to labile fraction that is continuously 
increased with sampling days. When a previously developed 

Fig. 6. The experimental data and simulated data for labile, stable-adsorbed, and bound-residue fractions of antipsychotic drugs in sediments during sampling time. 
The shaped points are experimental results, and lines are model-simulated results (Eq. 15–17). 
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mathematical model (Cheng et al., 2019) was used to simulate the 
processes of three fractions’ transfer over sampling time without 
considering degradation conditions (Supplementary Fig. S10) (Eq. (9)– 
(11). 

dClabile

dt
= − kfs − kfb + kfsCstable + kbf Cbound (9)  

dCstable

dt
= − ksf − ksb + kfsClabile + kbsCbound (10)  

dCbound

dt
= − kbf Cbound − kbsCbound + kfb + ksbCstable (11)  

where Clabile, Cstable, and Cbound are the concentrations of labile (fast- 
desorbing), stable-desorbing, and bound-residue fractions, respectively 
(Table S10). kfs and ksf represent the rate coefficients of partitioning 
between labile and stable-adsorbing fractions for antipsychotic drugs; 
kfb and kbf represent the rate coefficients partitioning between labile and 
bound-residue fractions for antipsychotic drugs; ksb and kbs represent the 
rate coefficients partitioning between stable-desorbing and bound- 
residue fractions for antipsychotic drugs. The detailed computation 
processes of the model are shown in Section S9. The good correlation 
for model-fitting (r2 = 0.915− 0.993) for three different fractions was 
observed (Fig. 6). The constant coefficients (k) were not constant during 
the sampling day and significantly different (Table 2). Overall, kfs is 
bigger than ksf from the first to last sampling day for all compounds, 
implying these antipsychotic drugs were prone to retain in the sediment 
particle rather than sediment porewater. At 21 d, the increasing kfs 
values suggested that more antipsychotic drugs escaped from labile 
phase to stable-desorbing fraction. kfb and kbf standing for the ability of 
sequestrating of compounds in sediment particles and its antidromic 
release, respectively, were nearly 0 at day 1, indicating little labile 
fraction transferred to bound-residue fraction. This result suggested that 
antipsychotic drugs had a lag time to be sorbed onto sediments. At 21 d, 
kfb increased for all drugs except for citalopram, clozapine, and fluoxe-
tine, showing these three drugs had been completely adsorbed by the 
adsorption sites of sediment particles and pool size for them might be 
limited as well. The small values of kfb indicated that antipsychotic drugs 
were partitioned to organic matter and blocked to have a fraction 
transfer, which is taken as the final fate for organic contaminant (non- 
bioavailability). Although kfb and kbf were much lower than the other k 
values, the transfer between bound-reside and stable-desorbing fractions 
occurred before diffusion into sediment porewater. The increased ksb 
and kbs for amitriptyline, carbamazepine, lamotrigine, and venlafaxine 
could represent not irreversible processes, whereas slightly decreased ksb 
was corresponding to the decreased values of kfb. This could also reflect 
the dynamic processes in bound-residue fraction where less antipsy-
chotic drugs could be potentially released, to some extent, with acces-
sibility to biota (Cheng et al., 2019; Xing et al., 1996). 

3.6. Resupply kinetics and labile size of antipsychotic drugs in sediment 

The R value represents the resupply of antipsychotic drugs from the 
sediment particles to porewater, which responds to the depletion by 

DGT devices. The R values in sediment depth of 2-15 cm ranged from 
0.15 to 0.41 for carbamazepine, 0.14 to 0.39 for lamotrigine, 0.12 to 
0.35 for bupropion, 0.13 to 0.34 for fluoxetine, 0.11 to 0.30 for cit-
alopram, 0.11 to 0.29 for clozapine, 0.09 to 0.25 for amitriptyline, 0.08 
to 0.22 for duloxetine, and 0.05 to 0.15 for venlafaxine. When there was 
no supply from sediment but only diffusion to supply, Rdiff values 
derived from DIFS model varied 0.02 to 0.04 for all drugs. Therefore, the 
sediment for all antipsychotic drugs has ability to supply the positive 
fluxes from solid phase to sediment solution. In general, R values 
decreased gradually with deployment time and also with depth (Sup-
plementary Fig. S11), and the differences of that between 8 and 15 cm 
were not significant (p > 0.05) for all drugs, indicating the resupply 
ability decreased with the depth and resupply could not be quickly 
provided during the time interval of DGT deployment in real conditions. 
Additionally, the largest R values were found for carbamazepine and 
lamotrigine while venlafaxine showed the lowest value, which is similar 
to the values of ksf and kbf, indicting the low supply to sediment pore-
water for venlafaxine while carbamazepine and lamotrigine could be 
resupplied quicker. 

The labile antipsychotic drugs in the solid phase could release during 
DGT deployment to supply those depleted by DGT from sediment solu-
tion. The estimated pool size for antipsychotic drugs varied from 0.07 to 
0.50 µg kg− 1 (Table 3) using Eq. (12). The distribution coefficient (Kd), 
calculated as the ratio of concentration of labile antipsychotic drugs (the 
equilibrium-reached concentration using consecutive extraction for fast- 
desorbing fraction at 10 h) to Cp can be used to indicate the labile pool 
size in sediments. Our Kd values (0.02− 32.32 cm3 g− 1) (Table 3) are 
within the ranges published (0.01− 64 cm3 g− 1) (Ben-Hur et al., 2003; Li 
et al., 2021; Ling et al., 2005; Payá-Pérez et al., 1992). The order of 
average Kd values is followed: carbamazepine > lamotrigine > fluoxe-
tine > bupropion > clozapine > citalopram > amitriptyline > dulox-
etine > venlafaxine. Interestngly our data showed Kd declined with 
depth for all drugs except values for fluoxetine were close to 0, and the 
difference between Kd and Kdl was one order of magnitude while no 
significant decrease with depth was found in Kdl. This difference could 
be due to the solvent extraction to get the maximum compounds from 
the labile fraction; and the loss for porewater taken over time (e.g., 
evaporation and redistribution out of field condition). However, it is 
important that Kd and R values can get the same results for resupply 
abilities. By calculating labile pool size indicting Kd can be a parameter 
to use for predicting magnitude of resupply for organic compounds. 
Considering the alkaline drugs, the slightly decreasing pH and lower 
organic matter in our sediment had little influence on the adsorption. 
Additionally, the response time (Tc) and the desorption/adsorption rate 
constant (k-1/k1) at different depths (Table 3) showed that the greatest 
values were found at 2 cm, demonstrating the top layer has the fastest 
resupply. Ten-fold greater k-1 values than k1 values for all drugs were 
found, indicating the desorption processes were dominant within 2− 15 
cm depth. 

As the investigated sediment was in a neutral pH environment, the 
measured antipsychotic drugs remained in their neutral form with 
adsorption mainly through van der Waals forces or hydrogen bonding, 
which might be related to the dissolved organic matter for controlling 

Table 2 
Rate coefficients (k, d− 1) derived by fitting of the transfer model.   

Amitriptyline Carbamazepine Citalopram Clozapine Fluoxetine Lamotrigine Venlafaxine  

1 d 21 d 1 d 21 d 1 d 21 d 1 d 21 d 1 d 21 d 1 d 21 d 1 d 21 d 

kfs 0.0023 0.0043 0.0650 0.0774 0.0032 0.0037 0.0034 0.0039 0.0019 0.0023 0.0022 0.0027 0.0007 0.0008 
ksf 0.0040 0.4500 0.0075 0.0087 0.0047 0.0056 0.0052 0.0062 0.0033 0.0038 0.0038 0.0044 0.0013 0.0016 
kfb 0.0003 0.0005 0.0009 0.0010 0.0007 0.0050 0.0047 0.0055 0.0002 0.0000 0.0003 0.0003 0.0001 0.0001 
kbf 0.0004 0.0004 0.0005 0.0006 0.0019 0.0022 0.0020 0.0024 0.0003 0.0004 0.0004 0.0005 0.0001 0.0001 
ksb 0.0065 0.0073 0.0087 0.0101 0.0004 0.0003 0.0003 0.0003 0.0055 0.0012 0.0062 0.0074 0.0018 0.0021 
kbs 0.0430 0.0540 0.0120 0.0138 0.0023 0.0027 0.0025 0.0029 0.0353 0.0409 0.0404 0.0465 0.0108 0.0129 

The subscript f, s, and b represents fasting-deorbing fraction, stable desorbing fraction, and bound residue fraction, respectively. 

X. Ji et al.                                                                                                                                                                                                                                        



Water Research 217 (2022) 118455

12

the fraction transfer, resupply kinetic characteristics, and labile pool 
size. 

4. Conclusion 

This study used in-situ deployed DGT devices in water and sediment 
in field during 21 days. Our results showed positive fluxes of nine 
antipsychotic drugs from sediment to water. Processes were controlled 
by the resupply capability from solid phase to sediment porewater. 
Although raplidly-desorbing (labile) fractions declined during 21 days, 
the constant coefficients of antipsychotic drugs could be supplied to 
labile phase quickly from the stable desorbing and bound residue frac-
tions with a lag time. The quickest transfer rate to labile fraction was 
found for amitriptyline and carbamazepine and the slowest for ven-
lafaxine, which has been also verified by R ratio, response time, and 
desorption rate constant obtained from DIFS model. The estimated labile 
pool size from DIFS might not be the best way to reflect the real status, 
while the labile pool size calculated at equilibrium from a first-order 
three-compartment kinetic model could fit the changes of R values 
well. We propose that this could be an auxiliary parameter to understand 
DIFS output, which is helpful to understand dynamic processes of 
organic pollutants in sediments. 
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Table 3 
Parameters for analytes at various sediment depths derived from model fits using 2D-DIFS. Kd and Kdl (mL g− 1) is distribution coefficient derived from methanol 
extraction and 2D-DIFS, respectively. Tc (s) is the response time. k-1 and k1 (s− 1) are the rate constant of desorption and sorption, respectively. Cl-estimated (µg L− 1) is 
estimate the labile concentration.   

Depth (cm) Kd Kdl Tc k-1 k1 Cl-estimated 

Carbamazepine 1 32.32 0.05 1.72E+05 5.14E-06 6.62E-07 0.07 
4 26.33 0.07 1.97E+05 4.27E-06 8.03E-07 0.09 
8 18.74 0.11 2.20E+05 3.58E-06 9.65E-07 0.12 
15 13.29 0.16 2.46E+05 2.90E-06 1.17E-06 0.20 

Lamotrigine 1 21.43 0.05 1.66E+05 5.39E-06 6.32E-07 0.06 
4 17.75 0.07 1.87E+05 4.56E-06 7.89E-07 0.08 
8 12.57 0.10 2.13E+05 3.70E-06 9.86E-07 0.12 
15 9.38 0.15 2.29E+05 3.17E-06 1.20E-06 0.19 

Venlafaxine 1 0.04 0.01 1.11E+06 8.87E-07 1.36E-08 0.01 
4 0.03 0.01 1.35E+06 7.24E-07 1.64E-08 0.01 
8 0.03 0.01 1.63E+06 5.94E-07 2.06E-08 0.02 
15 0.02 0.02 1.92E+06 4.95E-07 2.48E-08 0.03 

Clozapine 1 7.42 0.12 3.55E+05 2.16E-06 6.53E-07 0.14 
4 6.14 0.18 3.84E+05 1.79E-06 8.14E-07 0.25 
8 4.66 0.25 3.97E+05 1.53E-06 9.87E-07 0.30 
15 3.41 0.37 3.92E+05 1.31E-06 1.24E-06 0.50 

Citalopram 1 5.87 0.08 3.28E+05 2.51E-06 5.37E-07 0.12 
4 4.71 0.12 3.68E+05 2.07E-06 6.49E-07 0.15 
8 3.49 0.18 3.88E+05 1.76E-06 8.16E-07 0.22 
15 2.47 0.26 4.05E+05 1.49E-06 9.79E-07 0.32 

Fluoxetine 1 12.12 0.15 2.32E+05 3.11E-06 1.20E-06 0.18 
4 10.32 0.05 3.32E+05 2.66E-06 3.53E-07 0.07 
8 7.45 0.07 3.71E+05 2.27E-06 4.27E-07 0.09 
15 5.25 0.11 4.13E+05 1.89E-06 5.32E-07 0.13 

Bupropion 1 10.56 0.08 2.39E+05 3.47E-06 7.24E-07 0.10 
4 8.45 0.12 2.64E+05 2.89E-06 8.92E-07 0.15 
8 6.05 0.18 2.86E+05 2.41E-06 1.08E-06 0.21 
15 4.50 0.16 2.10E+05 3.40E-06 1.36E-06 0.20 

Duloxetine 1 0.28 0.20 6.08E+05 1.08E-06 5.65E-07 0.25 
4 0.22 0.30 6.19E+05 9.16E-07 7.00E-07 0.39 
8 0.16 0.43 6.16E+05 7.73E-07 8.51E-07 0.50 
15 0.11 0.62 5.92E+05 6.53E-07 1.04E-06 0.75 

Amitriptyline 1 0.37 0.08 3.25E+05 2.58E-06 5.01E-07 0.10 
4 0.30 0.12 3.73E+05 2.06E-06 6.21E-07 0.15 
8 0.22 0.17 3.99E+05 1.76E-06 7.54E-07 0.23 
15 0.16 0.26 4.24E+05 1.42E-06 9.34E-07 0.31  
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Figure S1. The linkage between the mobility of pollutants stored in sediments and climate 

change.
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Table S1. Physical-chemical properties of targeted psychoactive drugs. 

Compound Structure CAS MW SW (mg/L) pKa1,2 LogKow 

Amitriptyline 

 

50-48-6 277.4 0.8239 9.4 4.95 

Bupropion 

 

34911-55-2 239.74 140.2 8.22 3.85 

Carbamazepine 

 

298-46-4 236.27 17.66 13.9 2.25 

Citalopram 

 

59729-33-8 324.4 31.09 9.78 3.74 

Clozapine 

 

5786-21-0 326.8 11.84 7.5 3.35 

Duloxetine 

 

116539-59-4 297.4 10.00 9.7 4.68 

Fluoxetine 

 

54910-89-3 309.33 38.35 9.8 4.65 

Lamotrigine 

 

84057-84-1 256.09 3127 8.53 0.99 

Venlafaxine 

 

93413-69-5 277.4 266.7 10.09 3.28 

Water solubilities (SW) and n-octanol-water partitioning coefficients (LogKow) were predicted 

using US Environmental Protection Agency’s EPISuiteTM. 
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Section S1. Chemical, reagents and standards 

Amitriptyline, citalopram, duloxetine, lamotrigine, venlafaxine, lamotrigine-[13C;15N4], and 

venlafaxine-d6 were purchased from Sigma-Aldrich (Oakville, ON). Bupropion, 

carbamazepine, clozapine, amitriptyline-d6, bupropion-d9, carbamazepine-d10, citalopram-d6, 

clozapine-d4, duloxetine-d7, fluoxetine-d5
 were purchased from Toronto Research Chemicals 

Inc. (North York, ON). Fluoxetine was purchased from Tokyo Chemical Industry Co., Ltd 

(Tokyo, Japan). A mix stock solution of standards at 1 mg L-1 and internal standard mixture at 

1 mg L-1 were dissolved in pure methanol, which were stored in amber volumetric flasks at a 

refrigerated cabinet (-4 ˚C). Milli-Q ultrapure water (EMD Milli-Pore Synergy® system, 

Etobicoke, ON) was used during all experiments and for cleaning purposes. Methanol and 

dichloromethane were of HPLC grade and purchased from Fisher Scientific (Ottawa, ON). 

Optima LC/MS grade formic acid was used as an additive of the LC mobile phase (Fisher 

Scientific). Agarose, potassium nitrate, and sodium hydroxide from Fisher Scientific were used 

for making gels, adjusting ionic strength, and hydrolysis of sediments, respectively. All washed 

glassware was ashed at 500 ˚C for more than 5 h and rinsed by methanol before using. 
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Figure S2. ABS DGT sediment probe with a PC cap.
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Figure S3. The site map for DGT deployment and sampling (a), modified from Page 6, Chapter 1Introduction to the South Saskatchewan River Basin, Water 

Quality Assessment, South Saskatchewan River Watershed Stewards (https://southsaskriverstewards.ca/projects/water-quality-assessment/), and the field setup 

picture (b). 

https://southsaskriverstewards.ca/projects/water-quality-assessment/
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Table S2. The physicochemical properties of sediment. 

Depth (cm) pH 
Particle size distribution (%) Total C 

(%) 

Dissolved organic C 

(mg L-1) Sand Silt Clay 

0-2 7.65 49 36 15 1.4 630 

4-6 7.43 48 37 15 1.9 634 

6-8 7.12 45 34 21 1.2 658 

8-10 6.93 43 32 25 1.5 692 

10-12 6.82 42 36 22 1.2 623 

12-15 6.97 39 38 23 1.1 631 

pH was measured using a ratio of 1:2.5 dry sediment/1 M KCl. Total C was determined by 

combustion LECO method. Dissolved organic C in soil was extracted by 0.5 M K2SO4. Particle 

size distribution was measured by hydrometer method. All the measurements were conducted 

in Bureau Veritas Laboratory (Edmonton, AB).
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Section S2. The adsorption tests 

S2.1 DGT material  

For testing of the potential adsorption of analytes in DGT, it is assumed that all DGT materials 

(molding, diffusive gel, and PES filter membrane) except for the binding gel do not have a 

significant affinity to adsorb analytes. A standard solution of the nine antipsychotic compounds 

at 250 µg L-1 was prepared in 1 mM KNO3, and DGT materials were separately exposed to this 

solution as follows: All DGT materials were separately immersed in 50 mL of the standard 

solution that was placed in a 100 mL pre-ashed (550 °C in muffle furnace) glass beakers. A 

magnetic stir bar was added for agitation (4 rpm) at a water temperature of 21±0.5 °C. In order 

to control for potential changes compared to initial concentrations, analytes in solution were 

quantified at various durations of 0.5, 1, 2, 48, 60, 72, 96 or 168 h. Samples of 190 µL were 

taken from the solution, transferred to LC vials, spiked with 10 µL of 1000 µg L-1 internal 

standards, and analyzed by LC-MS. DGT moldings, diffusive gels, and PES filter membrane 

were spiked with 50 ng internal standards, eluted with 5 mL of methanol, and sonicated three 

times for 10 min. Eluents were evaporated to near dryness by gentle nitrogen gas, reconstituted 

in 1 mL methanol, then filtered through a 0.2 µm polytetrafluoroethylene syringe filter into LC 

vials before quantification by use of LC-MS. 

 

S2.1 Binding gel 

Efficient contact times were determined by placing a binding gel (25 mg SepraTM ZT sorbent) 

into a 50 mL glass beaker. Thirty milliliters of the standard solution (500 µg L-1) were added to 

the beaker and magnetically stirred at a constant speed of 4 rpm at 21±0.5 °C for 24 h. 

Triplicate samples of water were taken at 11 time intervals (0.5, 0.7, 0.8, 1, 1.5, 1.7, 4, 10, 12, 
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21 or 24 h), spiked with internal standards and then filtered through a 0.2 µm 

polytetrafluoroethylene syringe filter into LC vials before LC-MS analysis. 

Capacities of SepraTM ZT binding gel to adsorb nine (9) antipsychotic compounds were 

conducted, using the same procedure as the determination for efficient contact time, but at 

different concentrations (200, 400, 500, 600, 800, 1000, 2000, and 5000 µg L-1) at pH of 7 and 

21±0.5 °C. Amounts of analytes adsorbed (Qe) were calculated according to the initial 

concentrations (C0) and the steady state concentrations (Ce) as shown in Eq. (S1), 

0( )

1000

e
e

C C V
Q

m


  (S1) 

where V and m represent the volume of the standard solution (mL) and the mass of adsorbent 

in the binding gel (mg), respectively. 
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Section S3. Procedure of solid-phase extraction (SPE) 

The sediment porewater or sediment extract was eluted by 250 mL HPLC-grade water 

(Fisher Scientific, Ottawa, ON) with addition of 50 ng internal standards. Strata-X SPE 

cartridge (Polymeric Reversed Phase, 30mg/1mL, Phenomenex, CA) was initially 

preconditioned with 5 mL methanol and 10 mL (methanol: dichloromethane, 50:50), followed 

with 10 mL HPLC-grade water, after which the cartridge was loaded with the diluted sediment 

porewater/extracts (pH was adjusted to 7) by a vacuum manifold assisted to suck samples. After 

the suction of the samples, 5 mL of HPLC-water was added to wash off the remaining traces of 

samples. Afterwards, the thoroughly-dried cartridge was eluted by 5 mL methanol for two times 

and followed by the concentration by gentle pure N2 flow at a temperature of 15 °C. When the 

eluents were nearly dry, 1 mL methanol was added to reconstitute. Separated triplicate of 

samples were added of 50 ng internal standards before reconstitution of 1 mL for calculating 

the recovery rate. The recovery rate was 77% for amitriptyline-d6, 75% for bupropion-d9, 104% 

for carbamazepine-d10, 82% for citalopram-d6, 86% for clozapine-d4, 73% for duloxetine-d7, 

74% for fluoxetine-d5, 92% for lamotrigine-[13C;15N4], and 75% for venlafaxine-d6. 
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Section S4. The first-order three-compartment kinetic model for fast-desorbing 

fraction 

The measure concentrations from the consecutive desorption extraction were fitted with the 

first-order three-compartment kinetic model, which has been used in soils and sediments 

(Cornelissen et al., 1997; Pignatello, 1990): 

𝑆𝑡

𝑆0
= 𝐹𝑟𝑎𝑝𝑒

−𝑘𝑟𝑎𝑝𝑡 + 𝐹𝑠𝑙𝑜𝑤𝑒
−𝑘𝑠𝑙𝑜𝑤𝑡 + 𝐹𝑣𝑠𝑒

−𝑘𝑣𝑠𝑡 (S1) 

Where: 

𝑑𝐹𝑟𝑎𝑝

𝑑𝑡
= −𝑘𝑑𝑒𝑠

𝑟𝑎𝑝
𝐹𝑟𝑎𝑝 (S2) 

𝑑𝐹𝑠𝑙𝑜𝑤

𝑑𝑡
= −𝑘𝑑𝑒𝑠

𝑠𝑙𝑜𝑤𝐹𝑠𝑙𝑜𝑤 (S3) 

𝑑𝐹𝑣𝑠

𝑑𝑡
= −𝑘𝑑𝑒𝑠

𝑣𝑠 𝐹𝑣𝑠 (S4) 

Where S0 and St is the mass of psychotic drugs at the beginning (t=0) and interval time during 

the consecutive extraction period. Because this was not a spiking experiment, S0 was using the 

total mass of fast-desorbing fraction, stable-desorbing fraction, and bound-residue fraction. 

St/S0 is the remaining fraction of analytes in the sediment at each time interval. Frap, Fslow and 

Fvs are the fractions of rapid desorption, slow desorption, and very slow desorption, respectively. 

krapid, kslow, and kvs (h-1) are the first-order rate constants of the rapid desorption, slow desorption, 

and very slow desorption, respectively. 

When the desorption initially occurs in sediments (t=0), three compartments can be summed 

as: 

𝐹𝑟𝑎𝑝
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 𝐹𝑠𝑙𝑜𝑤

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 𝐹𝑣𝑠
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 1 (S5) 

  At each time, all compartments reach balance as: 

𝐹𝑟𝑎𝑝𝑖𝑑 + 𝐹𝑠𝑙𝑜𝑤 + 𝐹𝑣𝑠 + 𝐹𝑐𝑢𝑚=1 (S6) 

Where Fcum represents the compartment of cumulative desorption. 
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Figure S4. Schematic diagrams of diffusion cell method (a) and slice stacking method 

(b). 
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Section S5. Calculation of agarose diffusion coefficient (D) 

S5.1 The diffusion cell method  

A value for Dcell can be calculated by eq. (1) (Cussler, 2009) when the hydrogel-water distribution 

coefficient = 1 due to negligible adsorption to the agarose gel (Section S2).  

cell

1
= ln( )

t ( ) ( )

i i

S R

S R

C C
D

C t C t


 (S7) 

in which, 

1 1
( )

S R

A

V V



   (S8) 

Ci and C(t) represent the initial concentration of the analyte and the concentration at time (t) 

respectively. The subscripts S and R represent source and receiving cell, respectively. A is the 

superficial area of the agarose gel, δ is the thickness of the agarose gel, and V is the volume of 

solution in each cell. The term ln( )
( ) ( )

i i

S R

S R

C C

C t C t


 in eq. (S7) was plotted against experimental 

time, which was fitted using linear regression. Then, the value of Dcell was obtained from the 

slope of the regression. 

 

S5.2 The slice stacking method  

The Dstack value was calculated for each individual exposure time by fitting data to the model in 

Eq. (S9) derived from Crank (1979). 

2 2

2
1

2 1
( + sin( exp( )cos( ))stack

i

n

D n th n h n x
C C

l n l l l

 







   (S9) 

where C and Ci (ng g-1) represent the analyte concentration at the distance of the top of the stack 

(cm) and the measured initial concentration of the spiked gels, respectively. h and l (cm) represent 

the thickness of the stack and the thickness of the spiked gels respectively. t (s) is the exposure time 
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and n is the summation index. The measured Dstack values was averaged across all exposure times 

experiments, in which the ultimate concentrations of spiked gels range from 40 to 75% of initial 

concentrations in consideration of an obvious concentration gradient. For minimum of the 

uncertainty, the data out of this range was abandoned. 

 

S5.3 The D value in different temperatures 

  For D calculation for different temperatures, they were calculated from D values for 25 °C (D25) 

using an empirical formula established by Yuan-Hui and Gregory (1974) (Eq. S10): 

2

25 (273 ) 1.37023( 25) 0.000836( 25)
log log

298 109
T

D T T T
D

T

   
 


 (S10) 
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Section S6. Diffusion between sediment and water 

The flux of dissolved antipsychotic drugs by diffusion between sediment and water (FSW, ng m-2 

d-1) can be calculated using Eq. (S11). 

( )DGT s
sw sw DGT w

s

C
F k C

K


    (S11) 

where CDGT-s is the concentration of analytes in sediments measured using the DGT probe (ng kg-1), 

and Ks is the sediment-water partitioning coefficient (cm3 kg-1) based on Schwarzenbach et al. (2017) 

using foc=0.014 in the studied sediment, and ksw is the diffusion coefficient (cm d-1) between water 

and sediment, which can be calculated using Eq. (S12). The term CDGT-s/Ks indicates the dissolved 

concentration in sediment porewater. 

k w
sw

bl

D


  (S12) 

where δbl is the thickness of boundary layer (m). In this study, the small scale of turbulent flows was 

considered only for vertical transport induced by cascading turbulent eddies due to the limited 

transverse transport distance. The vertical turbulent eddies are defined as the distance from the 

sediment surface where overturning turbulent motion is governed by molecular viscosity. In this 

study, δbl could not be directly characterized using the linear concentration gradient where the 

transport is dominant by molecular diffusion. δbl of 0.2 mm was used for all analytes through the 

calculation based on a kinematic viscosity of 0.013 cm2 s-1 and a fraction velocity of 0.5 cm s-1 

(Sherwood et al., 2002; Wang et al., 2001). 
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Section S7. Estimation of the labile phase pool 

In this study, CDGT, i=21 d derived from the last day of DGT deployment (21 d) was used to calculate 

the effective concentration by Eq. (11) to define the available antipsychotic drugs in sediment 

porewater and the labile pool from the solid phase (Zhang et al., 2006). The effective concentration 

(Ce, i=21 d) expresses the concentration ranges of CDGT in the sediment pools for antipsychotic drugs, 

which describes the desorption behavior of antipsychotic drugs from the solid phase during the DGT 

deployment (Eq. S13). 

, 21

,

, 21

DGT i d

e i

diff i d

C
C

R





  (S13) 

where Rdiff is the ratio of CDGT to Cp in the hypothetical case that the depleted antipsychotic drugs 

are only supplied from diffusion in porewater without supplies from the solid phase. Rdiff was 

calculated by the 2D-DIFS model, which requires sediment porosity (ϕ), particle concentration (Pc), 

and diffusion layer thickness (δtotal) according to the simulation parameter requirements (Harper et 

al., 1998). 

  The best fitted Kdl was used to estimate the labile concentration (Cl-estimated) of antipsychotic drugs, 

expressed as Eq. (S14). 

l estimated p dlC C K    (S14) 

The Cl-estimated was compared to the concentrations at the beginning and interval time during the 

consecutive extraction period. 
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Section S8. Instrumental analysis 

LC separation was achieved with a Kinetex 1.7 µm XB-C18 LC column (100 × 2.1 mm) 

(Phenomenex, Torrance, CA) by gradient elution with 95% water + 5% methanol (A) and 100% 

methanol (B), both containing 0.1% formic acid (Optima MS grade) at a flow rate of 0.2 mL 

min-1 and a column temperature of 40 oC. The gradient method started at 10% B, ramping 

linearly to 100% B over 7 min, was held for 1.5 min, and returned to starting conditions for 

column re-equilibration between 8.5 – 11 min. 

Samples were ionized using positive mode heated electrospray ionization (HESI). The Q-

Exactive Orbitrap method used the following source parameters: sheath gas flow = 35; aux gas 

flow = 10; sweep gas flow = 1; aux gas heater = 400 oC; spray voltage = 3.8 kV; S-lens RF = 

60; capillary temperature = 350 oC. A Full MS/parallel reaction monitoring (PRM) method was 

used with the following scan settings: 120,000/15,000 resolution, AGC target = 1x106/2x105, 

max injection time = 50 ms/50 ms, full MS scan range of 80-500 m/z and PRM isolation 

window of 2.0 m/z and multiplexing count of 4. 

Batch analyses of samples were conducted by running calibration standards at the beginning 

and end of each sample batch along with blanks run between replicate treatment sets and 50 µg 

L-1 single calibration standards after running calibration standards and every 20 samples as a 

QA/QC protocol. A nine-point calibration curve ranging from 0.01 – 950 µg L-1 and spiked with 

50 µg/L IS was used for quantification by isotope dilution (linearity > 0.99 for all analytes). All 

data acquisition and processing were conducted using Xcalibur v. 4.2 (Qual and Quan browser). 

The quantification of each analyte was according to precursor and product ions, and retention 

time (Table S3 and Figure S5). The method detection limits (MDL), limits of quantitation 
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(LOQ), and limits of detection (LOD) are reported (Table S4). When the concentrations of 

analytes were below the detection limit, the substitution method (LOD/square root of 2) was 

used (Ganser and Hewett, 2010). MDL were calculated using the average blank DGT (three 

extra DGT devices were taken to the field) concentration in each DGT retrieval time plus three 

times the standard deviation (3σ). The extraction and processing procedures of DGT field 

blanks were the same as described in the main text. The instrumental LOD and LOQ were 

regarded as the low concentration of analyte with a measured signal/noise (S/N) of 3 and 10, 

respectively (LOD = 3σblank/slope, LOQ = 10σblank/slope). Slopes were obtained from 9-points 

calibration curve. 
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 Table S3. Precursor (m/z1) and product ions (m/z2) with positive ionization mode, collision 

energy (HCD), and retention time of selected compounds and internal standards (SI) using the 

a Vanquish UHPLC and full-scan parallel reaction monitoring (PRM) OrbitrapTM mass 

spectrometer method.  

Compound m/z1 m/z2 HCD Retention time (min)* 

Amitriptyline 278.190 233.132 35 7.577.76 

SI Amitriptyline-D6 284.228 233.132 35 7.577.74 

Bupropion 240.115 184.052 25 5.455.64 

SI Bupropion-D9 249.171 185.059 25 5.435.60 

Carbamazepine 237.102 194.097 35 8.088.09 

SI Carbamazepine-D10 247.165 204.159 35 8.048.05 

Citalopram 325.171 109.045 40 6.596.77 

SI Citalopram-D6 331.209 109.045 40 6.596.78 

Clozapine 327.137 270.079 35 6.316.48 

SI Clozapine-D4 331.162 272.092 35 6.296.46 

Duloxetine 298.126 183.081 30 7.537.69 

SI Duloxetine-D7 305.170 189.118 30 7.507.71 

Fluoxetine 310.141 148.112 25 7.707.89 

SI Fluoxetine-D5 315.173 153.144 25 7.707.88 

Lamotrigine 256.015 210.983 70 4.674.76 

SI Lamotrigine-[13C;15N4] 261.007 213.980 70 4.674.75 

Venlafaxine 278.211 260.201 25 6.206.29 

SI Venlafaxine-D6 284.249 266.239 25 6.146.29 

* The retention time was shifted for each sequence run due to the pressure changes of LC 

column. The difference of retention time changes was within 3%. 
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Table S4. LOD, LOQ, and MDL (µg L-1) for all nine psychotic drugs. 

Compound LOD LOQ MDL 

Venlafaxine 0.22 0.73 0.03 

Fluoxetine 1.38 2.58 0.02 

Clozapine 0.35 1.19 0.03 

Citalopram 2.05 2.45 0.01 

Duloxetine 0.19 0.63 0.11 

Amitriptyline 1.71 5.70 0.06 

Bupropion 0.33 1.11 0.03 

Carbamazepine 1.16 3.97 0.01 

Lamotrigine 0.18 0.63 0.02 
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Figure S5. Example chromatograms of nine psychotic drugs and their internal standards with scan filter of precursor ion (m/z) for a 500 ng mL-1 standard 

solution.
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Figure S6. Adsorption of nine psychotic drugs on SepraTM ZT binding gel was observed at pH = 7 over 24 hours at a temperature of 21 ± 0.5°C. X-shapes are 

mean values, and error bars are the standard deviation of measurements from triplicate samplers. The blue curve line is the best fit nonlinear regression line. 

The adsorption amount (Q, µg mg-1) was calculated from 0( )

1000

iC C V
Q

m

 
 , in which C0 and Ci represent the initial concentration and concentration from 

each sampling time, respectively, and V and m represent the volume of the standard solution (mL) and the mass of adsorbents in the binding gel (mg), respectively. 
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Figure S7. Steady-state adsorption isotherms of nine psychotic drugs on SepraTM ZT binding gel at pH 7 at 24 hours and a temperature of 21 ± 0.5°C. X-shape 

are mean values, error bars are the standard deviation of measurements from triplicate samplers. The blue curve line is the best fit nonlinear regression line. C 

(µg L-1) represents different concentrations of analyte standard solution. The steady-state adsorption amount (Qe, µg mg-1) was calculated from 

0( )

1000

e
e

C C V
Q

m

 
  . C0 and Ce represent the initial concentration and the reached steady-state concentration, respectively. V and m represent the volume of 

the standard solution (mL) and the mass of adsorbents in the binding gel (mg), respectively.  



26 

 

 

Figure S8. Natural logarithm of ratio of differences between concentration in source and 

receiving cell at the initial time (ΔCi) and time t (ΔC) of the diffusion cell method for nine 

psychotic drugs. Slope of the linear regression is used for calculation of the diffusion coefficient 

(Eq. 1 and 2 in main text). The error bar represents the triplicate date used to calculate the ratio 

from the experiments. The grey area composed by dotted line represents the ratio ranged in 95% 

confidence interval.
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Table S5. The fractions and rate constants for the rapid, slow, and very slow of nine psychotic 

drugs in sediment at DGT deployment day 1 and 2 predicted by the consecutive methanol 

extraction. 

Compound Day Frapid krapid Fslow kslow Fvs kvs r2 

Amitriptyline 
1 0.249 0.174 0.322 0.021 0.417  0.000002  0.985 

21 0.184 0.083 0.303 0.015 0.500  0.000001  0.988 

Bupropion* 
1 0.403 0.466 0.429 0.145 0.155  0.000013  0.998 

21 0.331 0.415 0.343 0.103 0.314  0.000009  0.998 

Carbamazepine 
1 0.409 0.517 0.516 0.342 0.063  0.000031  0.991 

21 0.355 0.367 0.323 0.316 0.310  0.000029  0.992 

Citalopram 
1 0.261 0.143 0.378 0.121 0.349  0.000011  0.998 

21 0.127 0.042 0.353 0.025 0.508  0.000002  0.998 

Clozapine 
1 0.298 0.152 0.387 0.013 0.303  0.000001  0.998 

21 0.236 0.120 0.343 0.014 0.410  0.000001  0.995 

Duloxetine* 
1 0.198 0.150 0.350 0.024 0.440  0.000002  0.997 

21 0.147 0.113 0.311 0.018 0.531  0.000002  0.996 

Fluoxetine 
1 0.320 0.263 0.417 0.129 0.251  0.000012  0.998 

21 0.275 0.242 0.338 0.102 0.375  0.000009  0.998 

Lamotrigine 
1 0.411 0.531 0.406 0.256 0.172  0.000023  0.993 

21 0.329 0.383 0.398 0.213 0.261  0.000019  0.992 

Venlafaxine 
1 0.120 0.032 0.224 0.0407 0.644  0.000004  0.997 

21 0.098 0.016 0.218 0.0108 0.672  0.000001  0.996 

*It should be noted that bupropion and duloxetine did not consider bound-residue fraction data 

to calculate the total concentration due to the significant loss during the alkaline hydrolysis.
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Table S6. The ratio of desorbed fraction of nine psychotic drugs after 10 h methanol extraction 

the desorbed fraction from all extraction times at sampling time of day 1 and day 21. 

Compound Day F24h/Fr 

Amitriptyline 1 0.78 ± 0.19 

21 0.75 ± 0.15 

Bupropion 1 0.93 ± 0.15 

21 0.82 ± 0.18 

Carbamazepine 1 0.93 ± 0.20 

21 0.87 ± 0.20 

Citalopram 1 0.92 ± 0.17 

21 0.77 ± 0.17 

Clozapine 1 0.81 ± 0.20 

21 0.88 ± 0.21 

Duloxetine 1 0.89 ± 0.21 

21 0.80 ± 0.20 

Fluoxetine 1 0.77 ± 0.20 

21 0.92 ± 0.18 

Lamotrigine 1 0.90 ± 0.21 

21 0.82 ± 0.20 

Venlafaxine 1 0.86 ± 0.15 

21 0.82 ± 0.17 
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Figure S9. Logarithm-transformed concentration of nine psychotic drugs in sediment extracted 

for stable-desorbing fraction after the consecutive extraction for fats-desorbing fraction at each 

DGT deployment time. The concentration data is shown in Table S8. 
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Table S7. The concentration (µg kg-1) of nine psychotic drugs with standard deviation from 

triplicate samples in sediment extracted for stable-desorbing fraction after the consecutive 

extraction for fast-desorbing fraction at each DGT deployment time. 

Compound D1 D3 D6 D9 D12 D15 D21 

Amitriptyline 0.11±0.02 0.11±0.01 0.16±0.03 0.13±0.03 0.17±0.03 0.19±0.04 0.20±0.03 

Bupropion 2.12±0.44 4.71±0.48 2.88±0.51 2.46±0.47 4.03±0.42 5.23±0.88 6.32±0.73 

Carbamazepine 0.13±0.02 0.17±0.03 0.14±0.03 0.20±0.04 0.17±0.03 0.18±0.02 0.19±0.03 

Citalopram 0.01±0.001 0.03±0.01 0.02±0.004 0.04±0.01 0.03±0.004 0.03±0.01 0.03±0.01 

Clozapine 0.32±0.04 0.34±0.05 0.32±0.04 0.27±0.03 0.33±0.04 0.39±0.06 0.47±0.06 

Duloxetine 0.03±0.01 0.02±0.002 0.03±0.01 0.01±0.001 0.02±0.002 0.02±0.003 0.01±0.001 

Fluoxetine 0.77±0.08 0.60±0.08 0.88±0.16 0.77±0.09 0.98±0.21 1.23±0.14 1.43±0.28 

Lamotrigine 0.44±0.05 0.40±0.05 0.65±0.13 0.52±0.06 0.68±0.12 0.79±0.10 0.85±0.16 

Venlafaxine 0.98±0.13 0.54±0.07 1.53±0.24 1.77±0.34 1.03±0.15 1.75±0.26 1.04±0.15 

 

Table S8. The concentration (µg kg-1) of non-degraded psychotic drugs with standard deviation 

from triplicate samples in hydrolyzed sediment for bound-residue fraction at each DGT 

deployment time. 

Compound D1 D3 D6 D9 D12 D15 D21 

Amitriptyline 0.83±0.09 1.04±0.13 1.85±0.26 1.92±0.25 2.82±2.82 2.94±0.34 3.12±0.43 

Carbamazepine 0.18±0.02 0.36±0.05 0.35±0.05 0.58±0.07 0.65±0.09 0.78±0.08 0.91±0.14 

Citalopram 0.01±0.001 0.02±0.003 0.01±0.002 0.03±0.003 0.06±0.01 0.04±0.01 0.02±0.003 

Clozapine 1.13±0.13 0.43±0.06 0.30±0.03 0.34±0.05 0.47±0.07 0.32±0.04 0.37±0.04 

Fluoxetine 0.41±0.06 0.28±0.03 0.49±0.07 0.31±0.03 0.46±0.07 0.41±0.05 0.32±0.04 

Lamotrigine 0.67±0.10 1.09±0.16 1.37±0.22 2.15±0.31 2.16±0.28 3.45±0.44 3.98±0.57 

Venlafaxine 0.98±0.14 1.17±0.17 1.32±0.17 1.58±0.16 2.60±0.41 3.82±0.49 4.11±0.47 
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Table S9. The concentration (µg kg-1) of psychotic drugs in the three fractions in sampled 

sediments at individual time. 

Compound Fraction 1 d 3 d 6 d 9 d 12 d 15 d 21 d 

Amitriptyline 

Stable 0.11 0.11 0.16 0.13 0.17 0.19 0.20 

Bound 0.83 1.04 1.85 1.92 2.82 2.94 3.12 

Labile 0.42 0.49 0.78 0.76 0.79 0.73 0.68 

Total 1.37 1.64 2.80 2.82 3.78 3.86 4.00 

Bupropion 

Stable 2.12 4.71 2.88 2.46 4.03 5.23 6.32 

Bound NA NA NA NA NA NA NA 

Labile 0.78 1.65 0.91 0.58 0.71 0.85 0.94 

Total 2.91 6.36 3.79 3.04 4.74 6.08 7.27 

Carbamazepine 

Stable 0.13 0.17 0.14 0.20 0.17 0.18 0.19 

Bound 0.18 0.36 0.35 0.58 0.65 0.78 0.91 

Labile 0.15 0.24 0.19 0.26 0.22 0.18 0.18 

Total 0.46 0.76 0.68 1.05 1.04 1.15 1.28 

Citalopram 

Stable 0.01 0.03 0.02 0.04 0.03 0.03 0.03 

Bound 0.01 0.02 0.01 0.03 0.06 0.04 0.02 

Labile 0.004 0.02 0.01 0.01 0.02 0.01 0.01 

Total 0.02 0.07 0.04 0.08 0.11 0.09 0.06 

Clozapine 

Stable 0.32 0.34 0.32 0.27 0.33 0.39 0.47 

Bound 1.13 0.43 0.30 0.34 0.47 0.32 0.37 

Labile 0.38 0.19 0.12 0.10 0.12 0.10 0.10 

Total 1.83 0.97 0.75 0.71 0.92 0.80 0.94 

Duloxetine 

Stable 0.03 0.02 0.03 0.01 0.02 0.02 0.01 

Bound NA NA NA NA NA NA NA 

Labile 0.006 0.002 0.003 0.001 0.001 0.001 0.0004 

Total 0.04 0.02 0.03 0.01 0.02 0.02 0.01 

Fluoxetine Stable 0.77 0.60 0.88 0.77 0.98 1.23 1.43 

Bound 0.41 0.28 0.49 0.31 0.47 0.41 0.32 

Labile 0.42 0.28 0.36 0.22 0.26 0.27 0.24 

Total 1.60 1.16 1.73 1.29 1.72 1.91 1.99 

Lamotrigine Stable 0.44 0.40 0.65 0.52 0.68 0.79 0.85 

Bound 0.67 1.09 1.37 2.15 2.16 3.45 3.98 

Labile 0.50 0.61 0.78 0.89 0.90 1.27 1.28 

Total 1.61 2.09 2.80 3.56 3.73 5.50 6.11 

Venlafaxine 

Stable 0.98 0.54 1.53 1.77 1.03 1.75 1.04 

Bound 0.88 1.17 1.32 1.53 2.60 3.82 4.11 

Labile 0.28 0.23 0.32 0.36 0.32 0.49 0.36 

Total 2.13 1.94 3.17 3.65 3.95 6.07 5.51 
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Figure S10. Illustration of transfer model of antipsychotic drug fractions in sediment.  
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Section S9. The computation processes of fraction transfer modeling. 

The first order difference method was used to differentiate the model: 

1i i
i i ilabile labile

fs labile fb labile sf stable bf bound

C C
k C k C k C k C



 
      (S15) 

1
i

i i
i i istable stable

sf stable sb stable fs labile bs bound

C C
k C k C k C k C



 
      (S16) 

1i i
i i i ibound bound

bf bound bs bound fb labile sb stable

C C
k C k C k C k C



 
      (S17) 

Rate coefficient k was estimated by Genetic algorithm using the results from Table S10. The 

minimizations of the residual errors between modelled and measured psychotic drugs 

concentrations was set as the fitness function: 

2

min ( ) ( ( , ) ( , ))cal i obs i

i

fit C t C t  


   (S18) 

( , )cal iC t    and ( , )obs iC t 


 : the modelled and measure concentrations.  : the parameters 

need to estimate.  was set as 0.2 day to run the model. 
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Figure S11. R values calculated from different depths in sediments plotted with sampling time. 
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