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diffusive gradients in thin-films
with mixed binding gels for in situ monitoring of
artificial sweeteners in waters†

Hussain Ijaz,‡a Jin-Xin Zi,‡a Si-Si Liu, *a Qi-Si Cai,a Sheng-Ming Cheng,a

Zong-Xi Zhao, a Guang-Guo Ying,a Andy J. Sweetmanb and Chang-Er Chen *a

The extensive use of artificial sweeteners (ASs) has raised concerns regarding their presence, fate, and

detrimental effects in water resources. It is thus of great interest for researchers and regulators to

acquire a sensitive, robust, and practical sampling technique for monitoring ASs. In the present study, an

effective and established passive sampling method based on the diffusive gradients in thin films (DGT)

technique was proposed to measure ASs in water. A mixed binding gel of WAX-XDA1 (3 : 1, w/w) was

used for the first time in DGT. The selected mixed binding gel exhibited strong and rapid adsorption of

ASs and its total binding capacity was over 20.6 mg per disc. 1% (v/v) ammonium hydroxide-methanol

was demonstrated to be an excellent elution solvent for ASs with the elution efficiencies being 80.2–

104.9%. The linear accumulation of ASs by WAX-XDA1-DGT matched well with the theoretical values,

indicating that the current configuration performs in accordance with the DGT principle. The assembled

WAX-XDA1-DGT sampler possessed a good tolerance to a wide range of pH (4–8), ion strength (0–0.5

M), and dissolved organic matter (0–10 mg L−1). In wastewater, comparable or lower DGT-measured

concentrations for the ASs were observed compared to the spot sampling results. To the best of our

knowledge, no studies have yet been conducted to in situ monitor ASs by using the DGT-based method.

This study demonstrates the robustness and reliability of WAX-XDA1-DGT for measuring ASs under

a wide range of freshwater circumstances in aquatic environments.
Environmental signicance

Monitoring of water quality may soon rely on in situ passive sampling devices such as the diffusive gradients in thin lms (DGT) technique to measure time-
weighted average concentrations in dynamic aquatic environments. However, no studies have validated the feasibility and reliability of DGT for articial
sweeteners (ASs), a group of potentially harmful pollutants. This work, for the rst time, developed a new DGT sampler with WAX-XDA1 mixed resins to
effectively measure ASs. The sampler was reliable and robust in a wide range of environmental conditions and provided comparable or lower measurements
than spot sampling when deployed in wastewater. Overall, theWAX-XDA1-DGT sampler can serve as a complementary tool to spot sampling for large monitoring
campaigns, source identication, and understanding the fate.
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Introduction

Articial sweeteners (ASs) are predominately used as sugar
substitutes in foods, pharmaceuticals, beverages, and animal
feeds with low caloric values and intense sweetening capacity.1

With the increasing demand, the global production of ASs has
surged by approximately 5% per year from 2008 to 2015, with
China and Latin America showing the highest growth rates.2,3

Among them, saccharin (SAC), sucralose (SUC), cyclamate
(CYC), and acesulfame (ACE) are the most representative ASs
(Fig. S1†), accounting for 60% of the commercial sweetener
market.4–7 These ASs are not or only slightly removed/degraded
during wastewater treatment processes,8 inevitably entering the
aquatic environment. So far, these anthropogenic pollutants
have been ubiquitous in water bodies with concentrations up to
Environ. Sci.: Adv., 2023, 2, 837–847 | 837
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mg L−1.2,9–12 Even though ASs are typically regarded as safe to
utilize, they are still under debate in the scientic community
due to increasing evidence on their environmental impacts and
ecotoxicity.13 At environmentally relevant concentrations
(nanogram-per-litre to microgramme-per-litre), some ASs can
interfere with the process of photosynthesis in plants, induce
glucose intolerance in mice, or cause oxidative damage to lipids
and proteins of carp (Cyprinus carpio).14–18 Due to the global
occurrence and environmental persistence of ASs associated
with various negative effects in water resources, ASs were
recently recognized as high-priority emerging contaminants
(EC).19 To gain the knowledge about the fate and possible
harmful effects of these anthropogenic pollutants on both
humans and aquatic ecosystems, it is crucial to better under-
stand their presence in aquatic environments.20

To accurately determine the concentrations of ASs in aquatic
systems relies on the development of efficient environmental
monitoring methods. Most investigations, to date, have mostly
focused on traditional spot-grab sampling to monitor pollutant
concentration in aquatic systems.21 However, ECs are typically
at trace concentrations and thus analytically challenging which
can prevent grab sampling from application in their widespread
monitoring campaigns.22 It also requires pre-concentration of
a large volume of water samples for trace-level pollutants, ana-
lytes need to be preserved or quickly analysed upon collection.
Moreover, it is expensive and time-consuming in terms of
sample shipment and pre-treatment.23 Apart from that, the
analysis results represent a snapshot of the pollutant level at
a particular sampling occasion and do not reect time-weighted
average concentrations, missing pollution episodic moments.24

Therefore, researchers and regulators need to acquire a robust
and practical sampling technique that is sensitive enough for
these ECs.

Passive sampling has recently emerged as an alternative
robust approach for water quality monitoring.25 It determines
time-weighted average concentrations of pollutants which
overcomes most challenges associated with traditional grab
sampling.26,27 Different types of passive samplers, so far, have
been designed for measurement of various pollutants in the
aquatic environment, including Chemcatcher®, polar-organic
chemical integrative samplers (POCIS), semipermeable
membrane devices, and polyethylene devices.27,28 However,
most of the available samplers have identied signicant
drawbacks. They are inuenced by water hydrodynamic condi-
tions and temperature, leading to uncertainty and variations in
their measurements which require in situ calibration of
sampling rates.29,30 In order to mitigate these issues, researchers
have been developing new passive sampling techniques. Diffu-
sive gradients in thin lms (DGT) is another representative
passive sampling technique that is based on the principle of
Fick's rst law of diffusion.31 The analyte concentrations
determined by DGT (CDGT) can be expressed as eqn (1).

CDGT ¼ MðDg þ dÞ
DAt

(1)

Here M is the measured mass of target analytes accumulated in
the binding layer, Dg is the thickness of the diffusive layer, d is
838 | Environ. Sci.: Adv., 2023, 2, 837–847
the thickness of diffusive boundary layer, D is the diffusion
coefficient of target analytes in the diffusive layer, t is the
exposure time, and A is the window area of DGT device.

The DGT regulates analyte uptake independently of water's
hydrodynamic conditions and provides environmentally real-
istic estimates of time-averaged concentrations without eld
calibration.32,33 These attributes have made DGT more effec-
tive to monitor a variety of ECs. Up to now, DGT-based passive
samplers have been largely developed and applied to monitor
bisphenols, pesticides, illicit drugs, personal care products,
etc. in numerous water bodies including seawater, wastewater,
and surface water.34–39 These pioneering studies paved the way
for using DGT-based samplers to monitor more new recog-
nized ECs such as ASs in aquatic systems. Theoretically,
electrostatic forces are primarily responsible for the adsorp-
tion mechanisms of ASs which also involve with both polar
and apolar interactions, thus, both anion exchange resins
(e.g., WAX and MAX) and neutral sorbents (e.g., HLB, XAD18,
and XDA1) are candidates for the binding agents of DGT
(Table S2†).

In the present study, a DGT sampler with amixed binding gel
of WAX-XDA1 (3 : 1, w/w) was designed and developed for the
rst time. The robustness and reliability of WAX-XDA1-DGT for
monitoring ASs was evaluated under both laboratory and eld
conditions. The adsorption kinetics and capacity of binding
gels were explored. The best elution strategy and efficiencies
were determined. The performance of the new DGT device
including time-dependant uptake kinetics and effects of key
water chemistry factors were also systematically assessed.
Finally, the applicability of DGT devices in the eld was evalu-
ated by comparison with grab sampling. To the best of our
knowledge, no studies have yet been conducted to in situ
monitor ASs by using the DGT-based method.
Experimental section
Chemicals and reagents

SAC, SUC, CYC, ACE, and their internal standards (SUC-d6, SAC-
d4, CYC-d11, and ACE-d4) were provided by ANPEL Scientic
Instrument Co. Ltd (Shanghai, China). Their physicochemical
characteristics and structures are listed in Table S1.† Their
purities were all above 98%. Methanol and acetonitrile (HPLC
grade) were supplied by Merck (Darmstadt, Germany). Ammo-
nium hydroxide and sodium chloride were purchased from
Aladdin Reagent Inc. (Shanghai, China). Ammonium acetate
(UPLC-MS/MS grade) was obtained from Sigma-Aldrich Chemie
GmbH. The lter membranes utilized were supplied by ANPEL
Scientic Instrument Co. Ltd (Shanghai, China). The DOM
(humic acid) was supplied by the international Humic
Substance Society. Milli-Q water was obtained from a Milli-Q
purication system (ELGA, Antony, France). The adsorption
resins (MAX, WAX, HLB, XAD18, and XDA1) were purchased
from Green Union Science Instrument Co. Ltd (China) and were
conditioned with methanol and rinsed thoroughly with Milli-Q
water before use. ASs stock solutions were prepared in meth-
anol at 100 mg L−1 and stored in sealed glass bottles at −20 °C.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Diffusive and binding gel preparation

The agarose and polyacrylamide diffusive gels (0.8 mm thick-
ness) used here were prepared as previously described.40 Simi-
larly, the binding hydrogels with a thickness of 0.5 mm were
prepared by using 1.5% (w/v) agarose solution and different
adsorption resins (MAX, WAX, HLB, XAD18, and XDA1). For the
WAX-XDA1 mixed binding gels, 3 g wet weight WAX resin and
1 g wet weight XDA1 resin were weighed and mixed into 10 mL
preheated agarose solution. The following procedures were the
same as the preparation of other binding gels. All gel discs
(2.5 cm diameter) were hydrated in Milli-Q water and then
stored in 0.01 M NaCl solution at 4 °C.

Adsorption assessment of DGT components

A series of lter membranes, including polyethersulfone (PES),
polytetrauoroethylene (PTFE), polyvinylidene diuoride
(PVDF), GHP, and nylon, were tested to assess the possible
adsorption of target ASs, as well as the diffusive and binding
gels prepared above. In brief, the test materials were soaked in
10 mL of 100 mg L−1 AS mixed solution and shaken at 180 rpm
for 24 h on a horizontal shaker (THZ-100, BLUEPARD,
Shanghai, China). Blank and control samples were prepared
with Milli-Q water and AS solution, respectively. The ASs
concentrations in the solutions before and aer exposure were
analysed by UPLC-MS/MS and the adsorption percentages by
the test materials were calculated.

Adsorption kinetics, elution efficiencies, and binding capacity
of ASs by binding gels

The binding gels selected above (i.e., WAX-XDA1 gels) were
soaked in a 50 mL polypropylene tube containing 10 mL of 100
mg L−1 AS solution and vigorously shaken by a horizontal
oscillator for 24 h. A control sample was prepared as well
without the binding gel to examine any potential adsorption of
analytes. 100 mL of samples were collected at 10 min, 30 min,
60 min, 2 h, 4 h, 8 h, 10 h, 18 h, and 24 h. The adsorbed masses
of ASs by the gel disc were calculated by the difference between
their initial concentrations and the concentrations measured at
different time intervals in the bulk solution.

Aer 24 h of adsorption, the binding gel adsorbed ASs was
transferred immediately into a 15 mL polypropylene tube,
spiked with 100 ng of IS, and eluted in an ultrasonic bath. The
elution strategies were improved with different elution solvents
includingmethanol and acetonitrile with or without ammonium
hydroxide. The optimal elution strategy for ASs was determined
by ultrasonic extraction in 5 mL of methanol containing 1%
ammonium hydroxide (v/v) for 30 min. The elution efficiencies
of ASs were calculated by using the following equation:

fe ¼ CeVe

M
� 100% (2)

Here, Ce represents the measured concentration of ASs in the
elution solution, Ve is the volume of the elution solution, andM
is the adsorbed mass of ASs by the binding gel.

To assess if the selected binding gels have high enough
adsorption capacities for ASs to ensure DGT uptake is in its
© 2023 The Author(s). Published by the Royal Society of Chemistry
linear accumulation regime during the eld deployment, trip-
licate WAX-XDA1 gels were immersed in a polypropylene tube
containing 10 mL of 0.01 M NaCl solution at different ASs
concentrations (0.5, 1, 2 and 5 mg L−1). The tubes were shaken
horizontally at 2000 oscillations per minute. The gels were
transferred to a 15 mL tube aer 24 h and eluted as previously
described. Aliquots of the elution solution was pipetted and 50
ng of IS was added for LC-MS/MS analysis. Meanwhile, the ASs
concentrations were monitored before and aer.

Diffusion coefficients measurement

The diffusion coefficient (D) is the sole parameter required prior
to the calculation of CDGT. A two-compartment diffusion cell
was used to measure the D values of ASs as reported previ-
ously.41 One diffusive gel disc (0.88 mm thickness) was stuck in
the circular window (1.5 cm diameter) of the two compartments
of the cell. 50 mL of 0.01 M NaCl solution containing 25 mg ASs
was added to the source compartment, and simultaneously, the
receptor compartment was lled with the same volume of
0.01 M NaCl solution containing no ASs. The experiment
temperature was maintained at 23.2 ± 0.5 °C and the solutions
in both compartments were stirred continuously using a stirrer.
100 mL of solutions were taken and analysed from both the
source and receptor compartments in intervals of 15 min. The D
was then calculated by using eqn (3):

D ¼ slope
Dg

CA
(3)

where Dg is the diffusive gel thickness, C is the ASs concentra-
tions in the source compartment, and A is the window area of
the diffusion cell. The slope was determined by the diffusion
mass of ASs versus time. The diffusion coefficients at other
temperatures (DT) can be derived from eqn (4).

log DT ¼ 1:37023ðT � 25Þ þ 8:36� 10�4ðT � 25Þ2
109þ T

þ log
Dð273þ TÞ

298
(4)

DGT uptake kinetics

To examine whether DGT uptake was linear or approaching
equilibrium in a normal deployment timeframe, the assembled
DGT devices were submerged in 2 L of well-stirred 50 mg L−1 ASs
solution containing 0.01 M NaCl. Aliquots of 100 mL of test
solutions were collected before and aer DGT deployment and
ASs concentrations in bulk solution were measured. Triplicate
DGT devices were retrieved aer 24, 48, 72, 96, and 120 h. The
binding gels were peeled off and extracted according to the
procedure described above.

Effects of ionic strength (IS), pH and dissolved organic matter
(DOM)

Ionic strength (IS), pH and dissolved organic matter (DOM) are
considered as the major water chemistry factors that might
affect the DGT measurements. To understand their effects on
Environ. Sci.: Adv., 2023, 2, 837–847 | 839
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the performance of WAX-XDA1 DGT, a series of single factor
experiments were carried out. In brief, test solutions (1 L) were
prepared with 50 mg ASs under different conditions: (i) NaCl
concentrations (0, 0.001, 0.01, 0.1 and 0.5 M) (ii) various pH
values (5–8), (iii) DOM concentrations (0, 5, 8, and 10 mg L−1).
The solution pH was adjusted by using hydrochloric acid and
sodium hydroxide. The assembled DGT devices were immersed
in the test solutions aer 24 h of mixing. During the DGT
deployment, the solutions were well mixed by using a magnetic
stirrer and the solution concentrations of ASs were measured to
check if they were stable. The solution temperature was kept at
23 ± 2 °C. Aer 24 h, the retrieved DGT devices were processed
as described above.

Field application/validation

The eld validation of assembled DGT devices was conducted in
the inuent of a municipal wastewater treatment plant in
Southern China over a period of 14 days in August 2022. A total
of 12 DGT devices were deployed and retrieved on the 3rd, 6th,
10th, and 13th days. Additional three DGT samplers were also
deployed as ied blanks. At the same time, 500 mL of waste-
water samples were collected in duplicate with 50 mL of 4 M
sulfuric acid immediately being added. The physicochemical
properties of the wastewater were measured on-site during the
DGT deployment. The temperature and pH value of raw
wastewater were recorded daily. The surface of the samplers was
cleaned with Milli-Q water, the binding gels were removed and
eluted in the laboratory as described above (Section 2.4). The
analytes of interest in the grab samples were extracted by using
a Chromabond HR-X SPE cartridge (6 mL, 500 mg) as reported
elsewhere.42

Instrumental analysis

Chemical analysis was carried out using ultra-performance
liquid chromatography (UPLC ACQUITY, Waters, Milford, MA,
USA) equipped with a triple quadrupole tandem mass spec-
trometer (Xevo QTS, Waters, Milford, MA, USA) with an electro-
spray ionization interface source in a negative mode (ESI−). An
ACQUITY UPLC BEH C18 (2.1 mm 50 mm, 1.7 mm) column was
utilized for quick separation. The mobile phases were (A) 2 mM
ammonium acetate in MQ water and (B) acetonitrile owing at
0.5mLmin−1. The gradient began at 10% B and held for 2.5min,
ramped to 100%B in 0.1min, held for 1min, and then went back
to 10% B in 0.1 min to re-establish equilibrium for 0.8 min. The
injection volume was 5 mL. The column temperatures were 40 °C.
All samples were analysed in triplicates.

Results and discussion
Adsorption of ASs by DGT components

It is critical to select appropriate diffusive gels and lter
membranes for DGT samplers to prevent the undesired
adsorption of target chemicals, which can affect the accurate
measurement of ambient concentrations. Data in Fig. 1A shows
that the PES lter exhibited the lowest adsorption (<20%) for all
the ASs investigated among the test ve lter membranes. For
840 | Environ. Sci.: Adv., 2023, 2, 837–847
the other four lters (GHP, PTFE, PVDF, and NL), at least one AS
was substantially adsorbed and the PVDF membrane exhibited
the maximum adsorption percentages across the ASs. As
a result, the PES lter membranes were selected as the most
suitable and used in the following experiments. In addition, the
average adsorption percentages of ASs by both agarose and
polyacrylamide diffusive gels were less than 10% (Fig. 1A). In
the present study, agarose diffusive gel was selected as the
diffusive layer nally because of its easier operation and
cheaper reagents than polyacrylamide diffusive gel.

As for the binding gels, the adsorption of ve adsorbent resins
were assessed (Fig. 1B). The neutral resins, namely XDA1, XAD18,
and HLB, adsorbed ACE but performed less well for the other
three ASs. Overall, the binding affinity of these neutral resins
followed the order XDA1 > HLB > XAD18. The poor performance
of HLB resin for ASs was also reported by Sultana and Metcalfe.43

The superior binding of XDA1 resin might be due to its higher
BET surface area (∼1100 m2 g−1, Table S2†). In contrast, for the
anion exchange resins, namely WAX and MAX, they yielded
almost 100% of adsorption for SUC, SAC, and CYC aer 24 h. The
WAX resin adsorbed about 60% of ACE although the MAX resin
failed completely. Similarly, another weak anion exchange resin,
Strata X-AW, was recently demonstrated to be an excellent
binding resin for POCIS to monitor ASs.43 A plausible explanation
is that the ASs are strong acids present in the anionic form at the
pH of Milli-Q water used (∼6.3) and thus are easily captured by
the anion exchange resins rather than the neutral resins. To
enhance the binding affinity to ACE, a mixed binding gels with
WAX and XDA1 (3 : 1, w/w) was designed and tested for the rst
time. The adsorption results suggested that the mixed binding
gels (called WAX-XDA1) had the strongest adsorption ability for
all the ASs including ACE (Fig. 1B) and thus be selected as the
binding layer of DGT sampler in this study.
Adsorption kinetics and capacity of ASs on WAX-XDA1
binding gels

An ideal binding gel for DGT should adsorb analytes of interest
quickly and strongly enough.44 Herein, the adsorption kinetics
of ASs onWAX-XDA1 binding gels were studied. As illustrated in
Fig. S2,† the amount of ASs adsorbed on WAX-XDA1 gels line-
arly increased in the initial several hours and achieved
approximately 80% of the total mass, with the exception of SUC
(65%). Aer 4 h of adsorption, the kinetic curve gradually at-
tened and adsorption equilibrium occurred at the tenth hour
for SAC, ACE, and CYC and at the 18th hour for SUC. The
maximum adsorption percentages were 83% for SUC and close
to 100% for the other ASs. Dong et al. (2014) suggested that the
binding rate of analytes should be much larger than the ratio of
diffusion coefficients through the diffusion layer over the
square of its thickness (i.e., k [ D/Dg2) in order to ensure DGT
performs well.45 To examine the relationship between the
diffusion layer and the binding layer, the initial adsorption
rates of ASs on WAX-XDA1 gels were further estimated by using
a pseudo rst-order model. We found that they (0.01–0.03 s−1)
were two orders of magnitude higher than the values of D/Dg2 (2
× 10−4–3 × 10−4 s−1), meeting the basic requirement of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Plot (A) adsorption percentages (%) of selected ASs on diffusive gels (AG and PA) and membrane filters (PTFE, GHP, PVFD, PES, and NL),
respectively. Plot (B) adsorption percentages (%) of selected ASs onto different resin gels in 10 mL of 100 mg L−1 AS solution. Plot (C) Measured
masses (mg) of ASs on the WAX-XDA1 gels immersed in well-stirred solutions at various concentrations (0.5–5 mg L−1). The data on the binding
capacity for SUC at 5 mg L−1 (Plot C) is not available because of unintentional sample loss. Plot (D) extraction efficiencies (%) of ASs eluted from
the WAX-XDA1 gels by using different elution solvents. Error bars: 1 SD (n = 3). SUC: Sucralose, SAC: Saccharin, CYC: Cyclamate, ACE: Ace-
sulfame, AG: agarose gels, PA: polyacrylamide gel, PTFE: polytetrafluoroethylene filter, PVFD: polyvinylidene difluoride filter, PES: polyether
sulfone filter, NL: nylon filter, MeOH: methanol, ACN: acetonitrile.

Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
ge

gu
žs

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
02

6-
06

-0
9 

14
:2

8:
32

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DGT principle. This means that the WAX-XDA1 gels exhibit
strong and fast adsorption of ASs, and no reverse-diffusion
occurring once ASs diffuse across the diffusive layer. It is,
therefore, clear that a steady diffusion gradient would be well
established during DGT sampling.

The adsorption of binding gels is concentration dependent
and the adsorption capacities of ASs onWAX-XDA1 gels were thus
estimated at 5 mg L−1 (Fig. 1C). TheWAX-XDA1 gels exhibited the
highest adsorption for SAC ($8.1 mg per disc). The following was
SUC with an adsorption capacity more than 5 mg per disc. The
adsorption capacities of CYC and ACEwere relatively low ($3.4 mg
per disc) but adequate even if the DGT devices are deployed in
extreme scenarios. Assuming the environmental concentration is
∼10 mg L−1 and the deployment time is less than 20 days, the
theoretical mass accumulated by the DGT device was about 1.0–
1.2 mg per disc, which is three-fold lower than the lowest
adsorption capacity of WAX-XDA1 gels. The total adsorption
capacity of ASs on WAX-XDA1 gels exceeded 20.6 mg per disc.

Elution efficiencies and diffusion coefficients of ASs

An efficient elution method for target chemicals from the
binding layer is required to ensure that they are accurately
measured by DGT, which is thought to be the most signicant
© 2023 The Author(s). Published by the Royal Society of Chemistry
source of uncertainty.46 To get the most effective elution method
and the best elution efficiency, two common organic solvents
(methanol and acetonitrile) alone or with ammonium hydroxide
were tested. The elution results of ASs are shown in Fig. 1D.
Notably, methanol containing a small quantity of ammonium
hydroxide is more effective than methanol alone and methanol-
acetonitrile (1 : 1, v/v) for extracting ASs. Furthermore, more
analytes were eluted when the content of ammonium hydroxide
increased from 0.5% to 1%. This was probably due to the
ammonium hydroxide increasing the elution power of methanol
by neutralizing the surface positive charges of WAX resin. When
1% (v/v) ammoniumhydroxide-methanol was applied, all the ASs
investigated exhibited acceptable extraction efficiencies ranging
from to 80.2% to 104.9%. Parallel elution in triplicate showed
good repeatability across the target ASs with coefficients of
variation (CV) less than 5%.

The diffusion coefficient (D) is the sole intrinsic variable in
the eqn (1) that needs to be determined in the laboratory prior
to deployment. To measure the D values of ASs, their time-
dependant diffusive mass transfer through the agarose diffu-
sive layer was quantied and described in Fig. S3.† The diffusive
masses increased linearly (R2 = 0.980–0.988) with time and thus
the slopes were obtained to calculate the D values. The
Environ. Sci.: Adv., 2023, 2, 837–847 | 841
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calculated D values at 23 °C were (1.84 ± 0.05) × 10−6 cm2 s−1,
(1.68 ± 0.03)×10−6 cm2 s−1, (1.52 ± 0.05) × 10−6 cm2 s−1, and
(1.64 ± 0.06) × 10−6 cm2 s−1 for SAC, SUC, CYC, and ACE
respectively. Their DGT sampling rates (Rs), derived from the
temperature-specic D values (i.e., Rs = D/Dg), ranged from
1.64 mL d−1 cm−2 to 1.99 mL d−1 cm−2. For comparison, POCIS
sampling rates for SUC and ACE, recently reported by Sultana
and Metcalfe,43 were adjusted by surface area which is much
greater than that of DGT sampler (∼42 cm2 versus 3.14 cm2). We
found that the Rs values of SUC (1.81 mL d−1 cm−2) in the
current study were slightly higher than its previously reported
value (1.43 mL d−1 cm−2) whereas it was the opposite for ACE
(1.77 versus 3.05 mL d−1 cm−2). Besides the effect of experi-
mental temperature, the discrepancy in sampling rates can
most likely be attributed to the different uptake mechanisms of
two types of passive samplers. For DGT, the diffusive layer
governs how much analytes accumulate, which is however
cancelled in POCIS and actually the binding resin controls the
uptake process.

Time-dependant uptake of ASs by WAX-XDA1-DGT

Another important aspect of an assembled DGT sampler is to
validate whether a linear uptake regime exists and how long it
lasts during DGT sampling. The time-dependent uptake of ASs
by theWAX-XDA1-DGT devices is shown in Fig. 2. For all the ASs
investigated, good linear correlations between accumulation
mass and deployment time (R2= 0.997–0.999) were observed up
Fig. 2 Accumulated masses (M) of SUC (A), SAC (B), CYC (C), and ACE (D
containing 0.01 M NaCl (23 ± 0.4 °C). The solid red lines demonstrate t
concentration of the solution, A is the exposed window area of the DG
thickness.) Error bars: 1 SD (n = 3). SUC: Sucralose, SAC: Saccharin, CYC

842 | Environ. Sci.: Adv., 2023, 2, 837–847
to 5 days and there was no evidence of accumulation equilib-
rium, conrming the existence of a linear uptake regime in the
WAX-XDA1-DGT sampler. Moreover, the DGT-accumulated
masses were in good agreement with the theoretically calcu-
lated values (indicated by red lines in Fig. 2), implying that the
current DGT conguration performs in accordance with the
principle and mechanism of DGT for measuring ASs. It is
noteworthy that the entirely different uptake patterns for the
assembled WAX-XDA1-DGT sampler and the WAX-XDA1
binding gels (see Fig. S2†) implies that the diffusive layer
governs how much the analytes accumulate in DGT rather than
the binding layer.

Effects of pH, ionic strength (IS), and dissolved organic matter
(DOM)

Prior to eld validation, it is essential to analyse the application
ranges of key water chemistry factors for the assembled WAX-
XDA1-DGT sampler because they can have an inuence on
DGT performance. Facts such as pH, IS, and DOM are the most
signicant.47,48 In the present study, the effects of solution pH,
IS, and DOM concentrations on the ratios of the DGT-measured
concentration to the solution concentration (CDGT/CW) have
been explored and depicted in Fig. 3.

For the effect of pH, the CDGT/CW values of ASs were slightly
elevated when the solution pH was increased from 5 to 6
(Fig. 3A). The increments, however, were supressed when the
solution pH varied from 6 to 8. This was to be expected as the
) by WAX-XDA1-DGT devices deployed in 2 L of 50 mg L−1 AS solutions
he theoretical lines predicted by the equation: M = DCAT/Dg (C is the
T, t represents the deployment duration and Dg is the diffusive layer
: Cyclamate, ACE: Acesulfame.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effects of pH (A), ionic strength (B), and DOM (C) on the ratios of
ASs concentrations measured by WAX-XDA1-DGT devices to the
solution concentrations (CDGT/CW). The dotted horizontal lines
represent the values at 1 and the solid horizontal lines represent the
values at 0.8 and 1.2. Error bars: 1 SD (n = 3). SUC: Sucralose, SAC:
Saccharin, CYC: Cyclamate, ACE: Acesulfame, DOM: dissolved organic
matters.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ASs investigated would be fully deprotonated and exist in the
anionic form in the pH range of 5–8, given their very low pKa

values (Table S1†). However, from the perspective of binding
resins, the pKa value of WAX resin is ∼6 (Table S2†), namely,
half of the sorbents are positively charged at pH 6 and this
percentage shis from 91% at pH 5 to less than 1% at pH 8. This
shi could be considered to result in a change in the adsorption
mechanism of ASs, however, since the amount of WAX resin was
greater (∼100 mg per disc) than the total mass of ASs in the
solution (200 mg), it was still sufficient for the adsorption of the
anionic ASs on the binding layer by electrostatic interactions
when the ionic forms of sorbents account for only 1%. This
might explain why, at pH $ 6 at which the WAX resins are
poorly ionized while the ionic forms of ASs dominate in the
solution, the electrostatic specic interactions were still signif-
icant, and therefore minor overestimation of DGT measure-
ments was observed at the higher pH. The similar phenomenon
was investigated by Becskereki et al., who elucidated the
adsorption mechanisms of ionizable weak acids and bases on
the OASIS® HLB resins around neutral pH (∼7).49 Apart from
that, non-electrostatic interactions such as van der Waals forces
and hydrogen bonding were also involved and facilitated the
adsorption of ASs in the solution.50

The CDGT/CW values in the presence of sodium chloride were
slightly higher than those in the background solution (Fig. 3B).
The overestimation of ASs concentrations by DGT in the pres-
ence of sodium chloride could be explained by the salting-out
effect.51 The addition of sodium chloride effectively reduced
the solubility of ASs in the aqueous phase whilst enhancing the
interaction between the ASs and the sorbent. Nevertheless, the
effect of IS appeared not to be noticeable with further increase
in sodium chloride concentrations. This phenomenon was due
to the increasing sample viscosity as the IS increased, thereby
leading to the obstruction of mass transfer of the ASs from the
solution to the DGT.52,53

Similar to the effect of IS, DGT measurements were slightly
overestimated in the presence of DOM (Fig. 3C). However,
elevated DOM concentrations resulted in little change in the
CDGT/CW values for all the ASs. In general, interactions between
DOM and organic pollutants in solution and competition of
DOM for sorption sites on binding gels result in reduced
sorption of the solute. In contrast, cumulative sorption and
cosorption processes will enhance sorption to the binding gels.
The net effect of DOM on the sorption of organic pollutants to
sorbents is the sum of the abovementioned processes.54

Therefore, we hypothesize that the increased accumulation of
ASs by DGT in the presence of DOM was caused by either strong
chemical interactions between ASs and the adsorbed DOM or by
physical encapsulation of ASs in DOM–sorbent complexes.

Overall, regardless of how the solution pH, IS, and DOM
concentrations varied, DGT measurements were in good
agreement with the solution concentrations and the ratios of
CDGT to CW ranged from 0.8 to 1.2 (CVs less than 20%). This
demonstrated that these factors have little inuence, over the
ranges investigated, on the WAX-XDA1-DGT performance in
measuring concentrations of ASs. Therefore, the assembled
WAX-XDA1-DGT sampler in this study possesses a highly
Environ. Sci.: Adv., 2023, 2, 837–847 | 843
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desirable tolerance to a wide range of pH (5–8), IS (0.001–0.5 M),
and DOM concentrations (0–10 M).

Field trial in WWTPs

The robustness and reliability of WAX-XDA1-DGT under eld
conditions were investigated by comparison with the traditional
spot sampling method. The results of spot sampling revealed
that the ASs studied were detected in all the inuent samples.
The spot sampling concentrations varied from (3.5± 0.9) mg L−1

to (17.1± 2.1) mg L−1 and followed the order: SUC > ACE > CYC >
SAC. The AS levels present in the current study were consistent
with those found in US and Canadian wastewaters.55,56 The
measured concentrations for all the ASs were relatively steady
over the 14 day campaign except on the 3rd day indicating
consistent presence in domestic wastewater. The inuent
concentrations on the 3rd day declined by 41%, 41%, 35%, and
43% for SUC, SAC, CYC, and ACE, respectively. This could be
explained by the strong dilution effect of a sudden rainstorm.

With respect to the DGT results, the uptake masses by the
DGT increased rapidly within the rst 7 days but were stable or
slightly decreased over the next week. Moreover, a substantial
biofouling on the surface of deployed DGT was observed on the
11th and 13th days. Thus, the nonlinear DGT uptake might be
attributed to the biofouling. In addition, the method detection
limits (MDL) of DGT, estimated from the blank DGT going
Fig. 4 Comparison of the concentrations of SUC (A), SAC (B), CYC (C
method. The red line means the concentrations measured by the DGT m
trations of ASs measured by the grab sampling method. Error bar: 1 stand
ACE: Acesulfame.

844 | Environ. Sci.: Adv., 2023, 2, 837–847
through the whole procedure, were 0.07–0.13 ng L−1 and
signicantly lower than the limits reported by spot sampling,5

suggesting that it is sensitive enough to deploy the WAX-XDA1-
DGT sampler in water even for one day. Considering the envi-
ronmental concentrations of ASs (up to several micrograms per
litre), the sufficiently low MDLs and the potential biofouling of
DGT, the suitable deployment timeframe for the WAX-XDA1-
DGT sampler is between 1 and 7 days.

For the aforementioned reasons, the DGT-measured
concentrations of ASs were conservatively calculated from the
3 day uptake mass by WAX-XDA1-DGT and then used for
comparison with the spot sampling results. It was found that
the DGT-measured concentrations for SUC were comparable to
the spot sampling results while much higher concentrations for
ACE, CYC, and SAC were observed in the grab samples (Fig. 4).
This observation was anticipated and previously reported by
other studies,57–59 and can be explained by discrepancies
between spot sampling and DGT technique. It is acknowledged
higher fractions of the ASs in the grab samples were available
for the subsequent SPE extraction (extraction recoveries: 78.4–
93.8%) aer the pH value was adjusted from 7.8 to 2.0, whilst,
only labile fractions in water can be accumulated through the
DGT in situ. DGT measurements represent time-integrated
average concentrations over the whole sampling period
whereas spot sampling offers discrete snapshots at specic
), and ACE (D) measured by the DGT method and the grab sampling
ethod within three days, while the black dots represent the concen-

ard deviation (n = 3). SUC: Sucralose, SAC: Saccharin, CYC: Cyclamate,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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moments which might miss or only record peak concentrations
of pollutants. Take this study for example, all the grab sampling
occurred at noon when the domestic wastewater might contain
high-concentration ASs due to lunchtime activities.

Conclusions

Monitoring of water quality may soon rely on eld deployable
devices to in situ measure potentially harmful pollutants that
integrate concentration of chemicals in dynamic aquatic envi-
ronments with uctuating concentrations. This work has
demonstrated the applicability and validity of DGT with WAX-
XDA1 mixed binding gel as a promising technique to effec-
tively measure widely used ASs in situ and provide their time-
integrated average concentrations. The newly developed WAX-
XDA1-DGT sampler was found to be easy to deploy, and
robust for in situmonitoring of ASs in a variety of environmental
conditions in aquatic environments. Its eld deployment in
wastewater suggested that relatively lower or comparable results
were obtained by the WAX-XDA1-DGT sampler compared to
grab sampling.

In contrast to grab sampling, the DGT technique has a novel
feature as analytes are precleaned by the lter membrane and
diffusive gel while diffusing through them, whilst grab samples
require additional clean-up in the laboratory. Monitoring by
DGT samplers overwhelms the safety issues in extreme
unprecedented weather conditions and provides important
data regarding the episodic discharges of the target chemicals
as it measures time-weighted average concentrations. Overall,
the DGT-based method can be considered complementary to
spot sampling for the measurement of ASs in water, although it
is faster, easier, and more sensitive.
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