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+ A new DGT can measure As", Cr'"" and
Sb™ selectively for speciation analysis.
Combining DGT and LA-ICP-MS allows si- Sl
multaneous 2-D imaging of the three
analytes.

Hybrid PO-DGT sensor allows simulta-
neous 2-D imaging of As™, Cr'™ and Sb™
and O,

Consumption of As™ and Sb™ appeared in
rhizosphere sediment of V. natans.
Laboratory calibration and validation of
the novel DGT (HR-MPTS DGT) was
performed.

HRZCA binding gel.
HRAPTS binding gel.

ARTICLE INFO ABSTRACT
Editor: Kevin V. Thomas A new diffusive gradients in thin films technique (HR-MPTS DGT) with mercapto-functionalized attapulgite in a bind-
ing gel was developed for simultaneous two-dimensional (2-D) chemical imaging of As™, Cr'™ and Sb™ selectively at
KEYW"_rdS-' the submillimeter scale, combined with laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
é;iemc. analysis. The HR-MPTS DGT exhibited selective accumulation of As™, Sb™ and Cr'™ (> 97%), yet negligible accumu-
omium

lation of As¥, SbY and Cr"! (< 2%). Accumulation of As™, Cr' and Sb™ on the binding gel had a linear relationship
(R* > 0.99) with the corresponding standardized laser ablation signals, proving the feasibility of LA-ICP-MS analysis.
Analysis for As™, Cr'™ and Sb™ was provided with favorable analytical precision (relative standard deviation <10%).
With the purpose of evaluating the dynamics of As™, Gr'™, Sb™ and O, in the rooting zone, a hybrid sensor, which com-
prises the HR-MPTS gel overlying an O, planar optode, was deployed in rhizosphere sediments. Results showed that
the consumption of both As™ and Sb™ due to the oxidation extended ~4.48 mm into the sediments, which was con-
sistent with the extension length of the oxidized sediment layers around the roots created by O, leakage.
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1. Introduction

Arsenic (As), antimony (Sb) and chromium (Cr) are commonly used in
industrial processes, but their elevated concentrations accumulated in the
environment can cause severe pollution and human health risks owing to
their acute toxicity (Chrysochoou et al., 2016; Gorny et al., 2017;
Kimbrough et al., 1999; Lee et al., 2015; Wang et al., 2018). (Fan et al.,
2019; Ren et al., 2018). Antimonates (Sb") and antimonites (Sb™) are the
commonly found oxidation states in environments (Herath et al., 2017).
Compared with SbY compounds, Sb™ compounds are ten times more
toxic in spite of their much lower solubility and mobility (Bregoli et al.,
2009). Arsenate (As") and arsenite (As™) are oxidation states of arsenic
exist in environments and As™ compounds are more toxic than As" com-
pounds (Ferreira et al., 2018). There are two common oxidation states that
Cr exists in the natural environment, that is, Cr'" and Cr'™ (Li et al., 2020).
Cr¥, a soluble oxyanion, is highly mobile and toxic, while Cr'™, an essential
micronutrient for human, is less soluble than Cr'' (Chattopadhyay et al.,
2010). The toxicity and bioavailability of As, Cr and Sb in the environment
are mainly determined by their chemical speciation. As a result, it is crucial
to measure their speciation for better understanding of their environmental
impacts.

The element speciation may be altered using traditional sampling
methods when samples are collected, transported and treated. Therefore,
an in situ passive sampling method, diffusive gradients in thin films tech-
nique (DGT) (Davison and Zhang, 1994), has been used widely to measure
various elements and chemical compounds in the natural environment (Li
et al., 2018). In this method, various elements and chemical compounds
in the natural environment accumulated in a defined area of the binding
layer is eluted, with resolution at the millimeter scale. Considering the het-
erogeneous bio-geochemistry of the sediments, two-dimensional (2-D)
imaging is necessary for better understanding the biogeochemical pro-
cesses. The 2-D imaging of various of elements had been realized using
DGT coupled to laser ablation inductively coupled plasma mass spectrome-
try (LA-ICP-MS) analysis at the sub-millimeter scale (Shi et al., 2018;
Warnken et al., 2004). Moreover, simultaneous measurement, especially
2-D imaging of multiple elements, ensures both the congruent deployment
conditions and spatial resolution and the easier interpretation of data. To
date, simultaneous 2-D imaging of total concentrations of As, Cr and Sb
using DGT coupled to LA-ICP-MS analysis has been reported (Ren et al.,
2021), while to the best of our knowledge, simultaneous 2-D imaging of
As™, Sb™ and Cr™ has never been studied.

Changes in element speciation depend highly on sediment condi-
tions, including dissolved oxygen (DO) and pH (Ren et al., 2021). In
the rhizosphere sediment, root exudates and radial oxygen loss (ROL)
may change the microbial processes and sediment redox conditions lo-
cally, thus influencing the speciation transformation of As, Cr and Sb
and their uptake by plants (Martin et al., 2018; Sun et al., 2018;
Wagner et al., 2020a, 2020b). Recently, various solutes (such as Mn?
*,Fe?™, pH, pCO, and NHJ ) in sediments or soils have been measured
at high resolution using a planar optode (Davison, 2016; Glud et al.,
1996; Koren and Zieger, 2021; Santner et al., 2015; Smolders et al.,
2020; Wagner et al., 2020a, 2020b; Zhu et al., 2015; Zhu, 2019). The
combination of DGT and planar optode (PO) sensors has been proved
as a promising approach for simultaneous measurement of numerous
analytes, such as O,, pH, the dynamics of labile phosphorus/sulfur/
trace metals in sediments, soil and rhizospheres (Li et al., 2019). It is de-
sirable to enable 2-D imaging of element species in combination with
the uses of DGT and PO.

In this study, a novel high-resolution DGT (HR-MPTS DGT) tech-
nique with (3-mercaptopropyl)-trimethoxysilane (MPTS) containing in
the binding gel was developed, and combined with LA-ICP-MS analysis
for simultaneous 2-D chemical imaging of As™, Sb™ and Cr™ at the sub-
millimeter scale. The HR-MPTS DGT was further applied in Vallisneria
natans rhizosphere sediments, in combination with an O, planar optode,
to investigate the patterns of As™, Sb™ and Cr"" mobilization in the
rooting zone.
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2. Experiments
2.1. Materials and solutions

Solutions were all prepared with deionized water (Milli-Q water with
18.2 MQ cm resistivity, Millipore). All containers were first immersed in
25% (v/v) HNOs for about 48 h and then rinsed three times using deionized
water. Unless otherwise stated, all other reagents used in the experiments
were purchased from the National Standard Substances Center (Beijing,
China). The (3-mercaptopropyl)-trimethoxysilane (MPTS) (Sigma-Aldrich,
USA) was used for preparation of the adsorb agent. The solid N, N’ - meth-
ylene diacrylamide (MBA), Acrylamide and ammonium persulfate (APS)
were prepared into organic liquids, combined with liquid N, N, N’, N” -
tetramethylethylenediamine (TEMED) (Amresco, USA) for preparing the
binding gel. The diffusive gel was prepared with Agarose (Bio-Rad, USA).
The preparation of O, planar optode was completed by using Macrolex®
fluorescence yellow 10GN (MY) (Kremer Pigments Inc., USA), Platinum
(I 2, 3, 7, 8, 12, 13, 17, 18-octaethyl-21H, 23H-porphyrin (PtOEP)
(Frontier Scientific Inc., USA) and polystyrene (PS) (Sigma-Aldrich, USA).

2.2. Preparation of DGT and O, planar optode sensors

The diffusive gel (0.80 mm thick) was prepared with agarose (1.5% (m/
v)) following Wang et al. (2016). A new adsorb agent was prepared by load-
ing MPTS on attapulgite. In brief, 5.0 g attapulgite powder was weighted
and was mixed in deionized water (100 mL) using a homogenizer device
(Tissue Master, USA) for 5 min at 13500 r/min. Then, with the addition
of 5 mL of MPTS, the mixture was further agitated for 5 min at 13500 r/
min. After drying at 80 °C for one night, the adsorb agent was obtained.
Then, the HR-MPTS binding gel was prepared as follows: 1.0 g of adsorb
agent was ground thoroughly to mix with the polyacrylamide solution
(4.0 mL), and 2.5 L. TEMED and 10 pL APS (10%) were then added to pro-
duce the gel solution. Next, the gel solution was pipetted between two glass
plates which were heated in advance and separated by the plastic spacers to
obtain a thickness of 0.40 mm. When polymerized for 30 min, the HR-
MPTS binding gel was formed, with all the residual chemicals removed
by rinsing the gel with deionized water 2-3 times. Before use, the binding
gel was kept in a 0.01 mol'L. ! NaCl solution. The DGTs, for deployment
in solutions, consisted in piston-type DGT units (EasySensor Ltd., https://
global-easysensor.com), where the HR-MPTS binding gel, the agarose diffu-
sive gel and the filter membrane (here we use the PVDF membrane) were
assembled.

The distribution of the adsorb agent in the binding gel was investigated
by characterizing the gel with SEM-EDS. Before characterizing, the binding
gel was vacuum dried at 50 °C for 4 h, using a vacuum dryer provided by
Beijing JUNYI Electrophoresis Co., Ltd. (Beijing, China).

The O, planar optode was prepared according to Larsen et al. (2011).
Further details are specified in the Supplementary Information (SI). The
0.4 mm thickness of HR-MPTS gel was mounted onto the 2.0 pm thickness
of O, planar optode. The DGT binding gel was protected by adding a PVDF
membrane on top of it, forming a 0.50 mm thickness hybrid sensor for sed-
iment deployments (Fig. 1). A PO2100 device supplied by EasySensor Ltd.
was used to perform the Planar optode imaging. In the PO2100 device, two
light-emitting diodes arrays (410-420 nm) were used as the excitation light
sources. A CCD camera, equipped with a 460 nm long-pass emission filter
(Nmot, China) and a macro lens (Fortune Technology, China), was used
to capture the fluorescent light images. The resolution of the CCD camera
is 4272 x 2848 pixels.

2.3. Characteristics of the HR-MPTS binding gel and the performance of
HR-MPTS DGT

2.3.1. Selectivity of the binding gel for As™, Sb™ and Cr'™

To identify the selectivity of the HR-MPTS binding gel for As™, Sb™ and
cr', the gels were soaked in the 20-mL mixed solutions which contain
100 pgL ™! of As™, Sb™ and Cr™ for 48 h. Another series of gels were
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Fig. 1. Diagram of (a) the steel sheet with two different binding gels stuck on each side of it, (b) the combined DGT and PO sensor, and (c) the process of LA-ICP-MS analysis.

soaked in the 20-mL mixed solutions composed of 100 pgL.~ ! of As”, Sb-
Vand Cr"! for 48 h. The concentrations of As, Cr and Sb in the two solutions
were determined at 8-h intervals using Agilent 7700 X ICP-MS, with the
calculation of the uptake efficiencies of As™, As”, Sb™, SbY, Cr'™ and CrV'.

2.3.2. Elution efficiencies of the binding gel for As™, ¢ and Sb™

To ascertain the elution efficiency of the elution solution for As™, Sb™
and Cr'" adsorbed by the HR-MPTS gel, the gels underwent a 24-h immer-
sion period in the mixed solutions (with a volume of 20 mL) consisting of
100 pgL~! of As™, Sb™ and Cr'™. The binding gels were then recovered
and eluted by immersing them for 24 h in a 1 mol'.”"! HNO; and 1%
KIOj; solution (20 mL). Afterwards, the elution solutions were analyzed
for As, Cr and Sb using Agilent 7700 X ICP-MS. The proportion of the
amount eluted from the binding gel to the amount adsorbed by the binding
gel from the working solutions was used for calculating the elution effi-
ciency of the HR-MPTS gel for As™, Sb™ and Cr™.

2.3.3. Performance of HR-MPTS DGT

Further experiments were carried out to study the performance of HR-
MPTS binding gel (binding kinetics) and the performance of the HR-
MPTS DGT for measurements of As™, Sb™ and Cr'", including the effects
of pH and ionic strength on the DGT uptake and the capacity of DGT. Fur-
ther details were provided in the SI2.

2.4. Validation of HR-MPTS DGT in solutions

The HR-MPTS DGT was validated by immersing DGT devices in 10-L
mixed solutions containing As™, Cr' and Sb™ for 24 h. The DGT devices
were retrieved from the solution at temporal intervals of 2, 4, 8, 10, 12,
16, 20 and 24 h. Meanwhile, the concentrations of As™, Cr'™ and Sb™ re-
maining in the solution and in elution solution as previously described
were measured using ICP-MS, with further details specified in the SI. The

deployment time was then plotted versus the accumulated masses of As™,

cr' and Sb™ in the HR-MPTS gel.
2.5. Quantitative analysis of As™, Cr™ and Sb™ with LA-ICP-MS analysis

The calibration standards were prepared according to a previous work
to certify whether adopting LA-ICP-MS as a quantitative analysis technique
was feasible (Ren et al., 2021). Briefly, four DGT devices were immersed in
each working solution (2 L volume) containing As™, Cr'™ and Sb™ with vary-
ing concentrations of each element (0, 10, 20, 40, 80 and 100 pgL~1). The
purpose of using different concentrations is to prepare gels with known
amounts of elements to be used as standards for LA-ICPMS. After 24 h de-
ployment, the binding gels of three DGTs were eluted before the measure-
ment of As™, Sb™ and Cr'™ by ICP-MS. The remaining DGT binding gel
was vacuum dried at 50 °C for 4 h, using a vacuum dryer, before the LA-
ICP-MS analysis. The LA-ICP-MS analysis was launched on the basis of the
randomly selected laser points (~500) in the center of the dried gels. The
precision was tested by calculating the mean and relative standard devia-
tion (RSD) values of these laser ablation signals (standardized).

Laser ablation was conducted with the Resolution LR/S155 laser abla-
tion system equipped with Coherent Compex-Pro 193 nm ArF excimer
laser. In addition, Agilent 7700 x ICP-MS was used to obtain the signal in-
tensities of target solute. Lehto et al. suggested that 1>C can be used as an
internal normalization standard (Lehto, 2012). The summary of the operat-
ing conditions appropriate for LA and ICP-MS analysis through test experi-
ments is shown in Table S1.

2.6. Application of the DGT in sediment

To test the feasibility of combining DGT and LA-ICP-MS analysis under
realistic conditions, the HR-MPTS binding gel was deployed in sediments.
The DGT labile As™, Cr'™ and Sb™ fluxes obtained with HR-MPTS gel
were compared with the total As, Cr and Sb [As(T), Cr(T) and Sb(T)] fluxes,
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which were obtained with a previously reported HR-ZCA binding gel (Ren
et al., 2021). Sediment cores and overlying water were collected from
Meiliang Bay (31°26"18” N, 120°11’12” E) in Lake Taihu (Jiangsu Province,
China). To ensure that the data obtained from the two binding gels were
from the same sediment profile, a thin steel sheet (~2 mm thickness)
with an HR-ZCA binding gel fixed on one side and an HR-MPTS binding
gel fixed on the other side was inserted into the sediment (Fig. 1). The
steel sheet was deployed for 24 h, and then both binding gels were retrieved
and analyzed by LA-ICP-MS.

2.7. Application of the DGT-PO hybrid sensor in rhizosphere sediment

2.7.1. Calibration of the planar optode

The planar optode of the hybrid sensor was calibrated following Christel
etal. (2016). The hybrid sensor (2 X 2 cm) was secured on the interior wall
of a transparent cuboid box using adhesive tape. Meanwhile, the box was
filled with deionized water to immerse the hybrid sensor. DO levels in the
deionized water was adjusted with an air pump (Eheim, Germany). At dif-
ferent DO levels, planar optode imaging was carried out. The equilibrium
time refers to the time required by the planar optode to stabilize its fluores-
cence intensity. The equilibration time was decided to be 10 min in view of
the thickness of the hybrid sensor, with the methodology specified in de-
tails in the SI3.

2.7.2. Rhizosphere sediment measurements

Vallisneria. natans was collected from Taihu Lake and cultured in the
laboratory for propagation. Sediment cores were collected from Taihu
Lake. The Perspex boxes with a size of 10 X 10 X 20 cm were transparent
and one of their side walls could be removed. Sediment cores were divided
at an interval of 2 cm which were then put in the boxes based on their initial
depths. Afterwards, the side wall of the box was removed following by
sticking the V. natans into sediment. The inclined box of 45° promoted the
root to grow along the interior wall. After one- month of incubation with
air exposure treatment, the side wall was removed and the hybrid sensor
was attached onto it (Fig. 1b). These boxes were further incubated for
24 h and the fluorescent images were tracked every 8 h. After the 24-h de-
ployment, the HR-MPTS binding gel was retrieved and dried for LA-ICP-MS
analysis.

2.8. Sample analysis and calculation

The dried binding gel was characterized by virtue of scanning electron
microscope energy dispersion spectra (SEM-EDS) (ZEISS EVO 18,
Germany) to investigate how the adsorb agent is distributed in the HR-
MPTS gel. High resolution 2-D images of DGT-labile As™, Cr'™ and Sb™
[or As(T), Cr(T) and Sb(T)] fluxes were obtained using Matlab 2014a soft-
ware and Surfer 16.0 software.

The accumulated masses of the target solutes on the binding gels (M, ng)
(Eq. S3) and the concentration of the target solutes measured by DGT (Cpgr,
mg/L) (Eq. S4) were respectively calculated as reported by Zhang and
Davison (1995). The DGT-labile As™, Cr'™ and Sb™ [or As(T), Cr(T) and
Sb(T)] fluxes (F, pg~cm’2~s’1) were computed in accordance to Li et al.
(Eq. S5) (Li et al., 2018).

3. Results and discussion
3.1. SEM-EDS analysis results

When the DGT is combined with LA-ICP-MS analysis, adsorb agents in
the binding gel should be sufficiently small (particle size<10 pm) and
evenly distributed in the gel. The distribution of the adsorb agent in the
binding gel was investigated by characterizing the vacuum dried gel with
SEM-EDS (Fig. 2a). Besides, the peak signal intensities of Mg, S, Si and Al,
which are the major elemental components in the adsorb agent, appeared
in the gel surface region (Fig. 2c), indicating the uniform distribution of
the adsorb agent on the binding gel surface (Fig. 2b).
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3.2. Binding gel characteristics and performance of DGT

3.2.1. The uptake efficiencies of the HR-MPTS gel for As, Cr and Sb species

The uptake efficiencies of the HR-MPTS gel for As, Cr and Sb species
were calculated and the results are shown in Fig. 3a. After 8 h of adsorption,
all the uptake efficiencies of the gel for As™, Sb™ and Cr'™ exceeded 91%,
while those for As”, Cr'" and Sb¥ were ~ 1%. After 48 h of deployment, up-
take efficiencies of the gel for As"™, Sb™ and Cr' were greater than 97%,
while those for AsY, Cr¥" and SbY were smaller than 2%, confirming that
the binding gel can selectively bind As™, Sb™ and Cr'™ with negligible bind-
ing of As¥, SbY and Cr".. Furthermore, the elution efficiencies of the MPTS
gel for As™, Cr'™ and Sb™ species were all ~100%.

3.2.2. The adsorption kinetics of the HR-MPTS gel for As™, Sb™ and Cr'™

The adsorption kinetics of the HR-MPTS gel for As™, Sb™ and Cr™ were
tested with results exhibited in Fig. 3b. The uptake efficiencies of As™, Cr'™
and Sb™ increased with the binding time. Specifically, during the initial ex-
posure period of 120 min, the uptake efficiencies of As™, Cr'" and Sb™ in-
creased rapidly, reaching 84%, 73% and 81%, respectively. After 120
min, the uptake efficiencies began to increase slowly and level off at 180
min. After 180 min, all the uptake efficiencies for As™, Cr'™" and Sb™
reached ~90%, among which the binding rate of Cr'" (88%) was higher
than that of Sb™ (87%) or As™ (86%). The average binding rates for As"™,
¢r'™ and Sb™ in the first 10 min were 7.9, 3.2 and 7.0 ng.cm ™ >min ", re-
spectively. A diffusion layer (diffusive gel plus filter membrane) with a
0.09 cm thickness was adopted to calculate the DGT-measured fluxes in
the mixed solution containing 50 pgL.~* of As™, Sb™ and Cr™. The respec-
tive DGT-measured flux for As™, Cr'™™ and Sb™ was 0.26, 0.43 and
0.073 ng-cm~>min~’. The ratios between the binding rate and the DGT-
measured flux for As'™, Cr'" and Sb™ were respectively 30, 7 and 96, dem-
onstrating that it was quick enough for the absorption kinetics of the bind-
ing gel in terms of As™, Cr'™ and Sb™ to satisfy the DGT uptake.

3.2.3. The diffusion coefficient for As™, Sb™ and Cr'™

The deployment time was plotted versus the accumulated masses on the
binding gel and the Eq. (S1) was used to calculate diffusion coefficient with
the slope of the generated curves. The effective diffusion coefficients for
As™, Sb™ and Cr™ were respectively calculated as 8.2, 8.9 and 2.2
(x107°% em?s ™1, 25 °C). The estimated diffusion coefficients of Sb™ in
other studies were 9.42 and 8.23 (x 10~ ® em®s ™!, 25 °C), respectively
(Bennett et al., 2016), which were consistent with data in this study.
In addition, a diffusion coefficient of 9.04 x 10~ ° cm?s~! (25 °C)
has been reported for As™, which agrees relatively well with the diffu-
sion coefficient for As™ in this study (Bennett et al., 2016). The esti-
mated diffusion coefficients of Cr'" in other studies were 5.05
(x10~%cm?s™ 1, 25 °C) (https://www.dgtresearch.com), which was
higher than the value in this study.

3.2.4. The influence of pH and ionic strength on DGT measurement of As"™, Sb™
and cr'"

Typically, Cpgr is used to represent the DGT-measured concentration
and Cs, is used to represent the substrate concentration in solution. The
feasibility of DGT measurements can be proved with the Cpgr/Cso values
ranging from 0.90 to 1.1 (Zhang and Davison, 1995). Given the range of
the Cpgr/Csor values from 0.9 to 1.1 and that of the pH values from 3.2 to
8.2 for the measurements of As™, Cr' and Sb™, it was clear that within a
pH range of 3.2-8.2, DGT uptake was not affected by the change of pH
values (Fig. 3c). The influence of the pH range on other DGT measurements
of As™ and Sb™ has been reported previously, showing relatively good
agreement with our DGT results (Bennett et al., 2010; Bennett et al.,
2011; Bennett et al., 2016; Fang et al., 2020). In a previous study, the
range of pH in which DGT measurement of Cr'™ is not influenced was
2-5, which was due to the fact that Cr'" was stable in the solution with a
pH below 5, thus the experiment was performed in the pH ranging from 2
to 5 (Ernstberger et al., 2002). However, when Cr'™ in solution is at labile
equilibrium, the binding gel can bind Cr'™" directly and DGT can also
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measure Cr'™" (Ernstberger et al., 2002), and the results in this study showed
that HR-MPTS DGT uptake of Cr'™ was independent of pH 3.2-8.2.

In addition, there was no effect on the DGT uptake of As™, sb™ and cr'
when the ionic strength was below 1000, 1000 and 200 mmol-L.~ ! NaCl
(Fig. 3d). The upper limit of the NaCl concentration for HR-MPTS measure-
ment of As™ (1000 mmol-L ~ ') was higher than that for mercapto-silica and
Metsorb DGT (750 mmol'L ™ ') (Bennett et al., 2010; Bennett et al., 2011).
The maximum NaCl concentration of HR-MPTS measurement of Sb'
(1000 mmol-L™ ') was higher than that of MSBA DGT (200 mmol-L 1)
(Fang et al., 2020), but it was in line with the recorded limit for
mercapto-silica and Metsorb DGT (1000 mmolL™ 1) (Bennett et al.,
2016). The upper limit of the NaCl concentration for HR-MPTS measure-
ment of Cr'™ (200 mmol'L.™ ') was higher than the upper limit of the
NaNO; concentration for Chelex-100 DGT measurement of Cr'!
(100 mmol'L ™) (Devillers et al., 2016).

3.2.5. DGT capacities for As™, Sb™ and Cr'™

To calculate the DGT capacities for As™, Cr'™ and Sb™, the accumulated
masses of As™, Cr'" and Sb™ on the DGT devices over time was examined
(Fig. 3e). For As™, cr'™ and Sb™ masses, there was a linear increase to 20,
16 and 16 h, when the accumulation tended to stabilize. Considering the
3.14 cm? exposure surface, the DGT capacities for As™, Sb™ and Cr'™ mea-
surement were calculated to be 72, 79 and 44 pg-device ™!, respectively.
The HR-MPTS DGT capacity for Sb™ is higher than that reported for
MSBA DGT (65 pg-gel ') (Fang et al., 2020), but lower than that reported
for mercapto-silica DGT and Metsorb DGT (100 pg-gel ™) (Bennett et al.,
2016). In addition, the HR-MPTS DGT capacity for As™ was much higher

than that reported with Metsorb DGT (8.5 pg-gel ') and almost the same
as that for mercapto-silica DGT (77.5 pg-gel™ 1) (Bennett et al., 2016).

3.3. Validation of HR-MPTS DGT in solutions

The relationship between the accumulated masses of As™, Cr'" and Sb™
in the HR-MPTS gel and the deployment time was examined to validate the
HR-MPTS DGT (Fig. 4). The estimated masses of As™, cr'™ and Sb™ were
calculated by Eq. (S4), showing that there was a linear increase in As™,
Cr'™ and Sb™ masses over time (r for As'™, Cr'" and Sb™ > 0.998). Further-
more, theoretical predicted masses of As"™, Cr'" and Sb™ were calculated by
Eq. (S3), which were fairly consistent with the experimental data with the
ratio of measured masses to predicted values (measured / predicted) for
As™, cr™ and Sb™ lying within 1.00 and 1.02. As a result, the use of the
HR-MPTS gel was validated feasible for the DGT measurement.

3.4. Analytical performance of LA-ICP-MS

LA-ICP-MS analysis was used to calculate the mass accumulation of
As™, Cr'™ and Sb™ in the binding gel in a quantitative manner using the pre-
pared calibration curves. For this, gels were immersed in solutions with dif-
ferent concentrations as standards. The calibration standards were defined
according to the plot of standardized laser ablation signals (divide the sig-
nals of element by the signals of internal standard >C) versus mass accumu-
lation on the HR-MPTS gels (per analyzed ablation spot) given in Fig. 5. The
accumulated masses on binding gels were in a good linear relationship (> >
0.99) with the corresponding laser ablation signals, which confirmed that it
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Fig. 3. (a) Uptake efficiencies (%) of As™, Cr'™, Sb™, As, Cr¥" and Sb". (b) Dynamic uptake efficiencies (%) of As™, Cr'" and Sb™. Conditions: 50 pg/L of As™, Cr'™ and Sb™,
solution pH 5.5, ionic strength of 1 mM of NaCl, 3 h total deployment time at room temperature. (c) Cpgr/Cso values for As™, Cr'™ and Sb™ under different pH conditions.
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measurement of As™, Cr' and Sb™. Conditions: 1 mg/L As™, Cr'™" and Sb™, solution pH 5.5, ionic strength featuring 1 mM of NaCl, the 24 h deployment time at room

temperature.

is feasible to combine DGT with LA-ICP-MS for quantitative measurements
of As™, Cr'™ and Sb™.

As is shown in Fig. 5, the precision of LA-ICP-MS analysis was assessed
by calculating the mean and RSD values of the laser ablation signals (stan-
dardized) of the randomly selected laser points on each gel. The analytical
precision for As™, Cr'™ and Sb™ was adequate, with a minimum RSD value
of 4.3% and the majority of the RSD values being less than 10%.

3.5. Application of the DGT in sediment

The 2-D distributions of DGT-labile As™, Sb™ and Cr™ fluxes established
by HR-MPTS DGT were compared with the 2-D distributions of DGT-labile
As(T), Sb(T) and Cr(T) fluxes based on HR-ZCA DGT (Fig. 6a). Fluxes of
As™, sb™ and Cr'™ in sediments corresponded to ~11%, ~17% and
~ 82% of total fluxes, respectively.

The distributions of As™ and As(T) fluxes showed similar patterns. In
overlying water, fluxes of As(T) (average of 0.8 pg-em ™ %s~ ') and As™

(average of 0.1 pg-em ™ %s™~!) showed lower values. From the sediment
water interface (SWI) to —19 mm depth, fluxes of As(T) increased from
1.1 pgem 2%s7! to 7.0 pgem~*s”!. And from —4 mm depth to
—19 mm depth, fluxes of As™ increased from 0.3 pgem 2%s™! to
0.8 pgrem ™~ %s 1. The distributions of Sb™ and Sb(T) fluxes also showed
similar patterns. In overlying water, fluxes of Sb(T) (average of
0.11 pgem ™~ %s 1) and Sb™ (average of 0.01 pgem ™ %s~ 1) showed lower
values. From the SWI to —19 mm depth, fluxes of Sb(T) increased from
0.11 pgem~%s~ ! to 0.23 pgeem™*s~'. And from —4 mm depth to
—19 mm depth, fluxes of Sb™ increased from 0.03 pgrem s~ ! to
0.04 pgem 25~ !, In the overlying water, fluxes of Cr(T) showed higher
values (average of 1.5 pgrem ™25~ 1). In sediment profiles, fluxes of Cr
(T) showed lower values with small fluctuations (average of
1.1 pgrem ™ %s™1). In contrast, fluxes of Cr'™ in the overlying water and sed-
iment profiles had similar values (average of 0.9 pgem ™ %s™1).

Under aerobic conditions, the oxidation of Cr'™ to Cr'" may lead to the

higher fluxes of Cr(T) in the overlying water (Gorny et al., 2017). However,
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Fig. 4. Relationships between the masses of As™, Cr'" and Sb™ accumulated in the HR-MPTS DGT devices and the deployment time.
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Cr™ can be combined with natural organic matter, thus increasing the sol-  As'/SbY predominates and As™/Sb™ is only found at low concentrations
ubility of Cr'™ in sediments (Li et al., 2020). For As and Sb, As¥/Sb" com- under aerobic conditions (Leuz et al., 2006). Herein, from the SWI to
pounds are more soluble than As™/Sb™ compounds. In addition, As/Sb —4 mm depth, the combination of Fe/Mn oxides led to the low fluxes of
are mainly bound to the goethite surface in the natural environment and As and Sb, while the oxidation of As™ and Sb™ in this area might contribute
can be easily oxidized to As¥/SbY under aerobic conditions. As a result, to the increase in As(T) and Sb(T). As a result, from the SWI to —4 mm
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Fig. 6. (a) 2-D and 1-D vertical distributions of DGT-labile fluxes of As(T), Cr(T) and Sb(T) and DGT-labile fluxes of As™, Cr'™ and Sb™ in the sediments of Meiliang Bay, Lake
Taihu (1-D vertical distribution of DGT-labile fluxes are at a 0.38 mm resolution). (b) 2-D distributions of DGT-labile fluxes of As™, Gr'™ and Sb™ with LA-ICP-MS analysis and
2-D imaging of O, concentrations in rhizosphere sediment. () 1-D horizontal distributions of DGT-labile fluxes of As™, Sb™ and Cr'™" at a 0.38 mm resolution and 1-D imaging
of O, concentrations at a 0.08 mm resolution at a certain sediment depth.
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depth, As(T) and Sb(T) fluxes increased, while As™ and Sb™ showed
low values. With the increase in sediment depth, the Fe/Mn oxides
were reduced, followed by releasing As and Sb complexed with
them, which accounted for the increase in the fluxes of As and Sb
(Ren et al., 2021).

Furthermore, from —16 mm to —19 mm depth, As"™, As(T), Sb™
and Sb(T) fluxes showed almost simultaneous local increases
(Fig. 6a). It has been indicated in previous studies that sulfide either
undergoes the local reduction of sulfate or diffuses upward from the
sulfidic zone to enter the sub-oxic zone. Then at the interface of the
sulfidic zone and sub-oxic zone, Fe(IIl) is reduced by sulfide rapidly
(Jorgensen and Nelson, 2004). In this study, the locally increased
fluxes of As and Sb (from —16 mm to — 19 mm depth) may be ascribed
to the oxidation of sulfide by Fe(III), thus releasing As and Sb com-
plexed with Fe-oxides.

3.6. Simultaneous 2-D imaging of As™, Cr'™, Sb™ and O, in rhizosphere
sediments

The 2-D distributions of DGT-labile As™, Sb™ and Cr™ fluxes and 2-D
imaging of O, concentrations at the end of the 24-h deployment time in rhi-
zosphere sediments are shown in Fig. 6b. The 1-D horizontal distribution of
As™, sb™, cr'™ fluxes and O, concentrations at a certain sediment depth
were mapped (Fig. 6¢). Vallisneria. natans is a dominant submerged macro-
phyte in Lake Taihu (Wang et al., 2020). For V. natans with roots in water-
logged sediments, O, is transported to the roots to allow their respiration.
Part of the transported O, may leak out and create an oxidized sediment
layer around the roots. Its growth has previously been found to promote
the formation of an aerobic microenvironment in the rhizosphere
(Marzocchi et al., 2019). In this study, the oxidized sediment layers around
the roots extended ~4.48 mm into the sediments. Moreover, the consump-
tion of As™ and Sb™ concurrently extended ~4.48 mm into the sediments,
which was consistent with the extension length of the oxidized sediment
layers around the roots created by O, leakage. However, the consumption
of Cr'™ was small, with no obvious area of extension into the sediments.

ROL enhanced the oxidation of As™ and Sb™ bound by Fe/Mn oxides,
thus decreasing their fluxes in the rhizosphere (Leuz et al., 2006). It has
been indicated that the rhizosphere may be an important barrier against
As™/Sb™ uptake as bacteria may oxidize the mobile and more toxic As™/
Sb™ to the less toxic As¥/SbY, thus accounting for the decrease in their
fluxes near the roots (Sun et al., 2018). In contrast, ROL may have little in-
fluence on the oxidation of Cr™, with no evident change of Cr' in the
rhizosphere.

4. Conclusions

The developed HR-MPTS DGT combined with LA-ICP-MS analysis al-
lows the simultaneous and selective measurement of As™, Sb™ and Cr'™".
The uptake efficiencies of the HR-MPTS binding gel for As™, Sb™ and Cr™
were greater than 97%, while those for As¥, Cr"! and SbY were smaller
than 2%, confirming that the binding gel can selectively bind As™, Sb™
and Cr'™ with negligible binding of As”, Sb¥ and Cr"". The adsorption kinet-
ics of the gel for As™, Sb™ and Cr'™ was quick enough for the DGT uptake.
The effective diffusion coefficients for As"™, Sb™ and Cr™ were 8.2, 8.9
and 2.2 (x 10~ % ecm?s™ !, 25 °C), respectively. The DGT uptake of As',
Sb™ and Cr™ was not affected within a 3.2-8.2 pH range and below
1000, 1000 and 200 mmol-L. ™! NaCl, respectively. The DGT capacities for
As™ Sb™ and Cr'™ measurement were 72, 79 and 44 pg-device ™!, respec-
tively. The accumulated masses on the HR-MPTS binding gels were in a
good linear relationship (** > 0.99) with the corresponding laser ablation
signals, and the analytical precision for As™, Cr'" and Sb™ was adequate,
with a minimum RSD value of 4.3% and the majority of the RSD values
being less than 10%. The measurement of a hybrid sensor comprising the
HR-MPTS gel overlying an O, planar optode showed that the consumption
of both As™ and Sb™ extended ~4.48 mm into the sediments due to the ox-
idation around the roots created by O, leakage.
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